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GENERAL INTRODUCTION TO THE SERIES. 

During the past few years the civilised world has begun to realise the 
advantages accruing to scientific research, with the result that an ever- 
increasing amount of time and thought is being devoted to various 
branches of science. 

No study has progressed more rapidly than chemistry. This 
science may be divided roughly into several branches : namely, Organic, 
Physical, Inorganic, and Analytical Chemistry. It is impossible to 
write any single text-book which shall contain within its two covers a 
thorough treatment of any one of these branches, owing to the vast 
amount of information that has been accumulated. The need is rather 
for a series of text-books dealing more or less comprehensively with 
each branch of chemistry. This has already been attempted by 
enterprising firms, so far as physical and analytical chemistry are 
concerned ; and the present series is designed to meet the needs of 
inorganic chemists. One great advantage of this procedure lies in 
the fact that our knowledge of the different sections of science does not 
progress at the same rate. Consequently, as soon as any particular 
part advances out of proportion to others, the volume dealing with 
that section may be easily revised or rewritten as occasion requires. 

Some method of classifying the elements for treatment in this way 
is clearly essential, and we have adopted the Periodic Classification 
with slight alterations, devoting a whole volume to the consideration 
of the elements in each vertical column, as will be evident from a glance 
at the scheme in the Frontispiece. 

In the first volume, in addition to a detailed account of the Elements 
of Group 0, the general principles of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material for this 
volume, and an attempt has been made to present to the reader a 
clear account of the principles upon which our knowledge of modern 
Inorganic Chemistry is based. 

At the outset it may be well to explain that it was not intended 
to write a complete text-book of Physical Chemistry. Numerous 
excellent works have already been devoted to this subject, and a 
volume on such lines would scarcely serve as a suitable introduction 
to this series. Whilst Physical Chemistry deals with the general 
principles applied to all branches of theoretical chemistry, our aim 
has been to emphasise their application to Inorganic Chemistry, with 
which branch of the subject this series of text-books is exclusively 
concerned. To this end practically all the illustrations to the laws 
and principles discussed in Volume I deal with inorganic substances. 

Again, there are many subjects, such as the methods employed in 
the accurate determination of atomic weights, which are not generally 
regarded as forming part of Physical Chemistr}^ Yet these are sub- 
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viii OXYGEN. 

jects of supreme importance to the student of Inorganic Chemistry 
and are accordingly included in the Introduction. 

Hydrogen and the ammonium salts are dealt with in Volume II, 
along with the Elements of Group I. The position of the rare earth 
metals in the Periodic Classification has for many years been a source 
of difficulty. They have all been included in Volume IV, along with 
the Elements of Group III, as this was found to be the most suitable 
place for them. 

Many alloys and compounds have an equal claim to be considered 
in two or more volumes of this series, but this would entail unnecessary 
duplication. For example, alloys of copper and tin might be dealt 
with in Volumes II and V respectively. Similarly, certain double 
salts—such, for example, as ferrous ammonium sulphate—might very 
logically be included in Volume II under ammonium, and in Volume IX 
under iron. As a general rule this difficulty has been overcome by 
treating complex substances, containing two or more metals or bases, 
in that volume dealing with the metal or base which belongs to the 
highest group of the Periodic Table. For example, the alloys of copper 
and tin are detailed in Volume V along with tin, since copper occurs 
earlier, namely, in Volume II, Similarly, ferrous ammonium sulphate 
is discussed in Volume IX under iron, and not under ammonium in 
Volume II. The ferro-cyanides are likewise dealt with in Volume IX. 

But even with this arrangement it has not always been found easy 
to adopt a perfectly logical line of treatment. For example, in the 
chromates and permanganates the chromium and manganese function 
as part of the acid radicles and are analogous to sulphur and chlorine 
in sulphates and perchlorates ; so that they should be treated in the 
volume dealing with the metal acting as base, namely, in the case of 
potassium permanganate, under potassium in Volume II. But the 
alkali permanganates possess such close analogies with one another 
that separate treatment of these salts hardly seems desirable. They 
are therefore considered in Volume VIII. 

Numerous other little irregularities of a like nature occur, but it is 
hoped that, by means of carefully compiled indexes and frequent cross- 
referencing in the texts of the separate volumes, the student will 
experience no difficulty in finding the information he requires. 

Particular care has been taken with the sections dealing with the 
atomic weights of the elements in question. The figures given arc not 
necessarily those to be found in the original memoirs, but have been 
recalculated, except where otherwise stated, using the following 
fundamental values: 


Hydrogen 

= 1-00762. 

Oxygen = 16-000. 

Sodium 

= 22-996. 

Sulphur ~ 32-065. 

Potassium 

= 39-100. 

Fluorine = 19-015. 

Silver 

= 107-880. 

Chlorine = 35-457, 

Carbon 

= 12-003. 

Bromine = 79-916. 

Nitrogen 

= 14-008. 

Iodine = 126-920. 


By adopting this method it is easy to compare directly the results of 
earlier investigators with those of more recent date, and moreover it 
renders the data for the different elements strictly comparable through¬ 
out the whole series. 

Our aim has not been to make the volumes absolutely exhaustive, 
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as this would render them unnecessarily bulky and expensive; rather 
has it been to contribute concise and suggestive accounts of the various 
topics, and to append numerous references to the leading works and 
memoirs dealing with the same. Every effort has been made to render 
these references accurate and reliable, and it is hoped that they will 
prove a useful feature of the series. The more important abbreviations, 
which are substantially the same as those adopted by the Chemical 
Society, are detailed in the subjoined list. 

The addition of the Table of Dates of Issue of Journals (pp. xix-xxvi) 
will, it is hoped, enhance the value of this series. It is believed that 
the list is perfectly correct, as all the figures have been checked against 
the volumes on the shelves of the Library of the Chemical Society by 
Mr F. W.. Clifford and his Staff. To these gentlemen the Author desires 
to express his deep indebtedness. 

In order that the series shall attain the maximum utility, it is 
necessary to arrange for a certain amount of uniformity throughout, 
and this involves the suppression of the personality of the individual 
author to a corresponding extent for the sake of the common welfare. 
It is at once my duty and my pleasure to express my sincere appre¬ 
ciation of the kind and ready manner in which the authors have ac¬ 
commodated themselves to this task, which, without their hearty 
co-operation, could never have been successful. Finally, I wish to 
acknowledge the unfailing courtesy of the publishers, Messrs. Charles 
Griffin and Co., who have done everything in their power to render the 
work straightforward and easy. 

J. NEWTON FRIEND. 


November 1023. 




PREFACE. 


Oxygen is generally recognised as one of the most important elements 
known to science, and the literature referring to it is extraordinarily 
voluminous. Although the original intention was to issue Volume VII 
of this series in one part, it has been found necessary to divide it into 
three, the First Part dealing with oxygen alone, the Second with sulphur, 
selenium, and tellurium, whilst the remaining elements of Grou|) VI 
are relegated to the Third Part. 

The Authors desire to express their sincere thanks to many friends 
who have assisted them in one way or another in the preparation of 
this work. In particular they would thank Mr. J. H. Coste, who has 
afforded considerable assistance in the sections dealing with the solu¬ 
bilities of gases in water, and last, but not least. Professor Wheeler 
and the Council of the Chemical Society for permission to reproduce 
the very beautiful photographs in Plate I. 

J. N. F. 

D. F. T. 

November 192.3. 
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CHAPTER I. 

GENERAL CHARACTERISTICS OF THE ELEMENTS 
OF GROUP VI. 

The elements of the sixth vertical group of the Periodic Table resemble 
those of the seventh in that they can be divided into two sections 
possessing non-metallic and metallic properties respectively. But 
whereas in Group VII. the non-metals—the so- 
called halogens—are sharply divided from the 
metals, in Group VI. the non-metals, beginning 
with oxygen, gradually acquire decidedly metallic 
properties as the atomic weight increases on 
passing through sulphur to selenium and tellurium. 
Although all the elements in Group VI. possess 
certain characteristics in common, or manifest 
interesting gradations in properties, the general 
relationships arc not so marked as are those 
obsc^rved in eacli subsection.^ 

Chemical Properties of Group VI. —With 
tlic exce])tion of oxygen, all the elements in Group 
VI. are solid at the ordinary temperature. Oxygen 
is a ty])ical non-metal, but as passage is made 
tliroiigh sulpluir to selenium and tellurium, metallic 
])roperties become increasingly pronounced, the 
two latter elements being usually regarded as 
metalloids. All the elements in the chromium 
subsection arc characteristically metallic, but, in common with most 
metals of more or less high atomic weight, they yield, in addition 
to basic oxides, others that can form fairly powerful acids, w’hich 
yield well-defined salts. Such, for example, are the chromates, the 
molybdates, the tungstates, and the uranates. 

^ The main characteristics of the elements of the chromium subdivision are dealt with 
in Chapter I. of Vol. VII., Part III. Those of sulphur, selenium, and tellurium are dis’ 
cussed in V’olume VII., Part II. Polonium (Radium F) is dealt with in VoJ. Ill, 
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In the accompanying table are listed a few of the more important 
types of compounds yielded by these elements. It will be observed that 
the maximum valency of the elements with regard to oxygen is numeri¬ 
cally equal to six. An interesting link between tellurium—a heavy 
member of the oxygen subdivision—and uranium—the last of the 
chromium subdivision—is afforded by their union with sulphuric acid 
to form sulphates of the type M(S 04 ) 2 . The heaviest members of both 
subdivisions exhibit radioactivity. 


Type. 

Oxygen. 

Sulphur. 

Selenium. 

Tellurium. 

Chromium. 

Molybdenum. 

Tungsten. 

Uranium. 

MH, 

OH2 

SH2 

SeHj 

TeHg 





MO 

0.0 

,. 

?SeO 

TeO 

Crb 




MO2 

O.O2 

SO2 

SeOa 

TeOa 

002 

M0O2 

wbs 

ub^ 

M2O3 


S2O3 

? SejOa 


O2O3 




MO3 


SO3 

SeOg 

Teb, 

CrOs 

Mobg 

wbg 

ubg 

MCI2 

OCI2 

sa^ 


TeCb 

CrCb 

Mod, 

WCl, 


MCI3 

.. 

SCI4 


.. 

CrClg 

M0OI3 

(WOI3)* 

UCI3 

MCI4 


SeCh 

TeCh 


M0OI4 

WCI4 

I Ud 4 

MFe 

.. 

Si's 

SeFe 

TeFe 


M0F3 

WF3 

UFo 

MOF4 






M0OF4 

W0F4 


MOClo 


socu 

SeO’ci, 

TebCh 





MOaCfa 


so,ci; 



0162012 

Mob.ci, 

W62OI2 

ubjci. 

H2MO3 


H^SO, 

HoSeOs 

HgTeOg 




H0MO4 

M(S04)2 

0Ag2 

O2C 

H2S04 

H 2 Se 04 

HaTeOa 

Te(SO,), 

H2Cr04 

H2M004 

(HAV 04 )t 

(HiT 04 )t 

G(S04), 

MAg2 

M2C 

SAg, 

SjC 

SeAga 

TeAga 





MN 

ON 

(SN)4 

Sek I 

TeN j 
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THE OXYGEN SUBDIVISION. 

Atomic Weights.—When the elements arc arrangc‘d in tlie order 
01 their atomic weights, several arithmetical regularities become 
apparent. As long ago as the beginning of last century t}u^ attention 
of chennsts had been drawn to the fact that certain triads of elements 
exist which exhibit not only a close similaritv in their eliemieal and 
physical properties, but also an interesting rcgularitv in their atomic 
waghts. hor several years, however, the subject was allowed to 
Dumas, in 1851, again brought it to the fore - 
and both he and otner chemists rapidly added to the list of regularities. 

tbit typical. At first it was hoiied 

,n fhtMat ultimately be grouped into triads, and that 

..IsS'atri? .5,s.. 
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introduced. These hopes were, however, doomed to failure, and a 
severe blow was struck at the utility of the triads when Cooke ^ showed 
that some of them actually broke into natural groups of elements. The 
halogens are a case in point, for chlorine, bromine, and iodine are but 
three out of four closely similar elements, and no system of classification 
that deals with these to the exclusion of fluorine can be regarded as 
satisfactory. A similar objection applies to the elements now under 
discussion, for whilst it is true that sulphur, selenium, and tellurium 
resemble each other very closely, a remarkable analogy exists between 
them and oxygen, these four elements thus constituting a natural 
tetradic group. 

Many triads exhibit an interesting relationship between the numerical 
values of their atomic weights, the mean of the first and third being 
almost identical with the middle value. The sulphur triads are no 
exception to this rule as is evidenced by the following table : 


Element. 

Atomic weight. 

Difference. 

Mean of extreme 
atomic weights. 

Lithium . 

Sodium 

Potassium 

6*94 

23 00 
39-10 

16-06 

16-10 

23 02 

Calcium . 

Strontium. 

Barium 

40-07 

87-63 

137-37 

47-56 

49-74 

88-72 

Sulpliur . 

Selenium . 

Tellurium . 

32-06 

79-2 

127-5 

47- 14 

48- 3 

79-78 

Chlorine . 

Bromine . 

Iodine 

35-46 

79-92 

126-92 

44-46 

47-00 

81-19 


Dumas also noticed that, if oxygen and the sulphur triads are con¬ 
sidered together, the aj^proximatc atomic weights may be arranged as 
follow : 

OS Sc Te 

16 16 + 10 16 + 16+3x16 16 + 16+2x3X16 

Such arillimelicid connections miglit. be regarded as a curious 
chance, were it not for the fact that many other analogous relationships 
occur amongst the elements. 

Physical Properties.—Oxygen, in common with most of the 
elements in the first short horizontal series of the Periodic Table, exhibits 
several marked contrasts with the remaining elements in its own vertical 
group, and to these attention is directed in the sequel. Tellurium, 
again, is not typical of the group, partly in consequence of its increased 


1 J. P. Cooke, Amtr. J. Sci., 1854, 17 , 387. 
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tendency to resemble the metals. There is thus the most marked 
resemblance between sulphur and selenium. The following table 
indicates a series of interesting gradations in physical jDroperties witb 
increasing atomic weight. 



Oxygen. 

Sulphur. 

Selenium. 

Tellurium. 

Atomic weight . 
Colour (solid) 
Density (solid) . 
Melting-point, ° C. 
Boiling-point, ° C. 

16-00 

Bluish 

1-426 

—219 

-183 

32-06 

Pale yellow 
1-96-2-07 
110-119 
444 

79-2 

Red and grey 
4-8 (grev) 
217 (gre^O 
690 

127-5 

Silvery grey 

6-2 (approx.) 

455 

At bright red 
heat 


Allotropy. —All of the elements exhibit allotropy. Oxygen yields 
two gaseous allotropes, namely, ordinary oxygen and ozone. These 
can co-exist at room temperatures for indefinite periods without maiii*- 
festing any tendency to reach a stage of chemical equilibrium. 

Sulphur does not exhibit allotropy in the gaseous condition in tlie 
ordinary acceptation of the term, although vapour density measuremeni s 
indicate considerable polymerisation at tem]:>eratures near the boiliiig**- 
point, the A^apour apparently consisting of Sg, Sg, S 4 , S 2 , and even Si 
molecules in varying proportions according to circumstances.^ Selenium 
vapour yields closely similar results ; below 550° C. it contains a smtiJl 
proportion of Scg ; between 550° and 900° C. it consists essentially oi* 
Scg and Scg molecules ; above 900° C. it is mostly Se^, with possibly n 
few Sci molecules. 

Liquid oxygen docs not appear to manifest additional allotropy , 
but three allotropes of sulphur are recognised as existing in equilibrium 
in the liquid state. This phenomenon is termed dj/funnic allotro]>y, 
the allotropes being designated as SA, S/x, and Stt respectively. SA is 
a yellow, mobile liquid containing, it is believed, eight atoms witiiin its 
molecule, whilst S/x is a thick, viscous liquid, formula Sy. Stt is probably 
tetratomic, S 4 . The percentage of S/x rises with the temperature.^ Thus : 


Temperature, ° C. 

. 120 

140 

180 

220 

Boiling-])oint 

S/x per cent. . 

0-1 

1-3 

20-4 

32-2 

36-9 

SA do. 

. 96-4 

93-7 

73-1 

62-7 

59-1 


The freezing-point of the liquid accordingly varies botli witli the- 
nature of the solid phase that separates and with the percentage of S/x 
and in Stt the liquid. 

Liquid selenium appears to exhibit allotropy, but tellurium does not . 

In the solid form all four elenuMits (‘xhibil allotropy. Three* foruis 
ol oxygen are recognised, namely, a, (3, a,nd y, the transition ])oints 
being as follow : ^ 

“ ^ ^ ^ y 

—249-5° C. -23()-5° C. 

^ Premier and Scliiipp, Zeilsch. jihysikal. Chem..^ 1909, 68 , 129. 

^ Preuner and Brockmollcr, ibid., 1912, 81 , 121 ). 
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Sulphur exists iu a variety ol‘ forms, two ot which are crystalline, 
namely, the rhoinbie and mouoelinie allotro])es. 

Solid selenium likewise (exists in several allolro|)i(* forms. The red 
crystalline variety is labile, and may ])ossil)ly oeeur in two modilications,^ 
both of which are monoc'linie.^ TIu^ grey erystalliiu‘ ibrm appears to 
consist of two varieties, Se^^ and Sen, in dynamic eepiilibriuni with each 
other.^ Solid tellurium manifests allotrojy, but to a mucdi less pro¬ 
nounced degree. 

Chemical Properties. Sulphur, sc^lejiium, a,ud telhiidum burn 
with blue flames yielding dioxides. If ozone is regarded a,s a dioxide, 
the series may be rei)resc‘ntc‘d as follows : 

o - O O O : S - . O () - r Sc; () () - O 

in which the central atoms ar(‘ rt‘gardc‘d as leiravalcMit. GyclLc schemes 
may, however, be; i)rcl‘err(*d : 

yO .() () yO 

(X I S( I S(‘ I Te'^ 1 

H) H> () C) 

Th(‘ dioxid(‘S (save ozom*) dissolv(‘ iu water to form wcailc ax*ids, 
HoSOjj, Il^SeOa, and IRl'eO.,, the salts of which may be* regarded as 
analogous to tlu‘ ozonatess. Thus : 

K./).()a K.SOa KoSeOa K/FcOa 

PotaHHiuiii P(»taHHium PoiaHHinui PolaHHium 

ozonatc, Kgih. H(‘I(*nif(s t(‘lluritn. 

The dioxides xary eonsi<U‘nihIy in sta.biiil\‘, ozone, O.Oo, the 
analogue of SO.j* (‘te., being (‘Xecyliona-lly unsiabl<‘. Tlic‘ heads of 
formation of acpieous solutions of sulj)hurous, seleiious, and telluroiis 
acids are as follow : 

(S, A(j.) 7S,7.SO eaJories. 

(Sc‘, Oo, A<j.) 5 (>, 100 ,, 

(1V, Ol, A(j.i 77,LS0 

'rh(‘ heals of formali<»n of jujinsMis solutions of I In* more' highly 
oxygenated acids manifest a, similaa* minimum with selenium : 

(S, Oa, A(i.) I MO calories. 

(Se, Oa, A<{.) 70,0(;0 

(Te, Oa, Aq.) 0,S,:{SO 

'flu'dioxides of sulj)hur, sc’leninm, and telhu'ium a.dmit (>l‘ oxichUion 
to tlu‘ trioxides SO.j, SeO,,, and TeM;{, which dissolve in \va,l(‘r to yichl 
the (‘orrc'sponding acids, sulphuric aei<l being IIh* strong,est n,nd te'lhiric 
th(‘ weaJvcsl. An aoalogy may !»<* fonml with oxygen in tin* of t h(‘ 

oxozonides. Oxygen is strictly non metallic, hnl selenium, and lo a 
grc‘at(‘r (‘xtcut (<’llurium, possess many pronounced metallic |>ropc‘rtievs, 
and ar(‘ I hns a,mphoterie elements, 'rinis t Ik' <lio\idc d'e(),. <*u.n fnmdion 
as an acidic oxid(\ as menlioia'd above, or as a. basic oxi(h*, yi('lding 
with sulplnnh* acid, leliurinm sniph.alc 1'e(SO,),. I’lie gn-adua.l Inue 
sition from non-mclallie to nntallie prigH'rtirs is cviden<*ed in an 

* Krayl, Atitsoh. unittij. (‘Ittm., Ignig 6*j, !in.>. 

“ Mutiiinaiui. Autsvli. /wi/.. 7 . Mih., l.slM), yo, 

'I’iuunscn, Tin nnorlunnstnj. Translatr*! i»\ Uui'U<’ ( L'•ngiiianlOOS). 
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interesting manner by the gradual fall in the heat of union of the 
elements with hydrogen. Thus : ^ 

Element . . . . O S Se Te 


Heat of combination -"(ssos 975 
(Calories) 0 2 7 

With positive elements, other than hydrogen, definite compounds 
are usually formed, analogous in composition to oxides. Thus, with 
silver— 


AggO AgS AggSe 

Oxide. Sulphide. Selenide. 


Ag/i’c 

Telluride. 


The sulphur triads combine with fluorine to yield well-defined hexa¬ 
fluorides, but oxygen appears to be entirely unable to unite with fluorine 
to form any kind of compound. 


Element . . . Oxygen Sulphur Selenium Tellurium 

Compound . . .. SFg SeFs TeF^ 

Boiling-point ° C. . .. —62 —30 — 35*5 


All of these compounds are stable gases, exhibiting tlie maximum 
valency of the elements. They neither attack glass nor decompose 
spontaneously. The selenium and tellurium fluorides attack mercury 
making it adhere to glass, and in this respect they resemble ozone. 
Sulphur hexafluoride does not do this. 

Isomorphism.—Although potassium tcllurate, KgTeO.i, is not 
isomorphous with the corresponding sulphate,® the jiydrogc‘n rubidium 
salts of selenic and telluric acids arc isomorphous.'^ 

Sulphuric, selenic and telluric acids yield double salts witli alkali 
and certain divalent metals, which salts have the general formula 

^ . M"RO^ . 61FO 


where R stands for chromium or a sulphur triad ; M' for ammonium or 
an alkali metal, and M" for iron (ferrous), cobalt, nicked, manganese, 
copper, cadmium, magnesium, or zinc. These are isonior])hous with 
one another. Both sulphur and selenium (but not tellurium) yield 
alums which are isomorphous, and of the general type 

Mg'RO,. M^"{RO,)^ . 24II2O 

where R stands for sulphur or selenium. 

Valency.—All the elements have a valency of two in rcs|)cct to 
hydrogen; that is, they possess two free negative valences, as witness 
the compounds 

H 2 O lIoS IRSc IFTc. 

These exhibit a steady fall in stability Avith rise in molecular wciglit. 

The folloAving ‘per derivatives are also known : 

H2O2 HoSg. 


^ Thomsen, Thermochemistry, Translated by Burke ('Lonermans, 1908). 
^ To water at 18° C. 

2 To water-vapour at 18° C. 

* From amorphous sulphur. 

From rhombic sulphur. 

Staudenmaier, Zeitsch. anorg. Chem., 1895, 10 , 189. 

’ Fellini, Atli R. Accad. Lincei, 1906, [5], 15 , i., 629, 711 ; ii., 40. 
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The elements yield tetravalent derivatives in special circumstances, 
in which they function as the basic elements. In the case of oxygen 
they are termed oxonvumi salts ; sulphur yields sulphonium salts ; whilst 
selenium and tellurium offer an even wider range of derivatives. Thus, 
the following types of compounds are now well known : 


'^'01' 
Di-ethyl 
oxonium 
chloride. 


CH3^ 

Tri-methyl Tri-ethyl 

sulphonium selenium (or selenonium) 
iodide. chloride. 


CA. -CA 
>Se( 

cm / \ci 


CA 

CA 


\Te/ 


Tri-ethyl 

tellurium 

iodide. 


Contrasts. —Whilst these undoubted analogies exist between 
oxygen and the sulphur triads, there are many directions ill which 
oxygen differs from these elements. This is by no means an uncommon 
phenomenon in connection with the first element and its successors 
in a vertical column of the Periodic Table. 

Thus, for example, the boiling-points of the hydrides of sulphur, 
selenium, and tellurium steadily fall with the atomic weights of the 
electro-negative elements : ■ 

H/Te -ll^Se H.S 

Boiling-point ° C. . 0 —-12 —62 

The boiling-point of water, therefore, should be, if the analogy were 
followed, of the order of —70° C. instead of its actual value of 100° C. 
This is undoubtedly due to association (sec Chap. X.). 



CHAPTER II. 


OXYGEN. 

Symbol, 0. Atomic weight, 16-000. 

Occurrence, —Oxygen is the most abundant clement in the earth. It 
is present in the uncombined state in the atmosphere to the extent of 
approximately 23 per cent, by weight (see Chap. VI.), but this amount 
is relatively minute when the immense quantities of oxygen in various 
forms of combination are considered. The sea contains roughly 86 per 
cent, and the earth’s crust nearly 18 per cent, b}^ weight of this element ; 
indeed, it has been computed that almost exactly one-lialf oi‘ the mass 
of the whole earth (including the ocean and the atmosphere) is due to 
oxygen.^ From the results of spectrum analysis it is ])robable that 
uncombined oxygen is also present in the suii.^ 

History. —From ancient writings it a})pears that tlie Chiiu^se, 
already in the eighth century, recognised that a. substance, on burning, 
combined with one of the constituents of the air ; it was also realised 
that this constituent of the atmosphere was ])resent in water, and tliat 
it could be obtained in a pure condition by heating certain miiuu’als.^ 
In Europe it was not until the middle oT the seventeenth c;eutiiry tliat 
the atmosphere was regarded as a mixture of which one of the in¬ 
gredients played an important part in combustion, res])iration, and tlie 
change in colour of the blood. It was understood by Hooke (1665) 
and Mayow (1674) that saltpetre contains a substance ot sonu'what 
similar properties, but although the observation that saltpetre*, when 
heated to decomposition, gives a vigorous evolution of gas was made* 
only a little later, the actual discovery of oxygen was delayed until 
the next century, when the experimental methods lirst introduced by 
Mayow in 1674 ^ for the collection of gases began to bear fruit. The 
gas was first prepared and recognised as a new substance^ by the Swedish 
chemist Scheele ® about the year 1771 as the residt, amongst other 
methods, of heating red mercuric oxide or “ mercurius ealciuatus ])er se ” 

^ Stoney, Phil. Mag., 1880, [5J, 47 , 505 ; Clarke (bills scries, Vol. 1., p. 8 ) .i^ives 49-8 
jjer cent. ; Fersmann {Bull. Acad. Sci. Petrograd., 1912, j). 507) esbirnatt's 55-8 L \)cr cent. 

2 Draper, Avier. J. Sci., 1877, 14 , 89 ; Truwbridge, Phil. Mag., 1902, 4 , 150 ; Meissner, 
Physikal. Zeitsch., 1914, 15 , 008. 

Duckworth, Ghem. News, 1880, 53 , 250. 

^ See Alembic Club Reprints, No. xvii. 

^ Hales had, as early as 1727, prepared oxygen by heating potassium nitrate, but 
although he collected the gas over water and measured its volume, he did not recognise 
it as a new gas or determine its properties. 

“ Scheele, CrelVs Annalen, 1785, 2 , 229, 291; Chemische Abhandlung von der Luft 
und dem Feuer (Upsala, 1777). See Alembic Club Reprhits, No. viii. (1894) ; Ortwed, 
Speter, and Jorgensen, Ahren’s Bammlung, 1909, 14 , 111 . Scheele, Nachgelassene Briefe 
und Aufzeichnungen, Nordenskiold (Stockholm, 1892), 

10 
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by concentrating the sun’s rays upon it with a lens. He termed the 
gas empyreal or fire air, and also showed that the same gas could be 
obtained from the yellow oxide produced by precipitation of a mer¬ 
curic salt from aqueous solution on addition of an alkali. Unfortunately 
for himself these results were not published for some four years after 
their discovery, and in the meantime, namely on 1st August 1774, the 
English chemist Priestley,^ independently discovered oxygen, likewise 
by heating mercuric oxide. Pie communicated his results to Lavoisier 
in Paris in October of the same year, and shortly afterwards his discovery 
received general publication. 

The Theory of Phlogiston. —In order to appreciate the enormous 
influence which the discovery of oxygen was destined to exert upon the 
further progress of chemistry, it is-necessary to gain some idea of the 
views then prevalent as to the nature of combustion. 

It is undoubtedly a fact that neither Scheele nor Priestley realised 
the important part played in combustion processes by the gas they had 
discovered. 

By gradual modification the ancient Aristotelean idea of fire, as one 
of the four elements ” of nature, had merged into the assumption 
that all substances capable of burning contained a common com¬ 
bustible constituent or ‘‘ principle.” For several centuries sulphur 
appears to have been regarded as this principle, and its presence was 
postulated in all metals capable of being burnt or calcined in air. Becher, ^ 
however, in 1669 took exception to this latter view, maintaining that 
sulphur owed its combustibility to the fact of its containing a large 
amount of combustible principle, but that sulphur itself was not that 
])rinciple. He therefore gave the name terra pinguis or “ oily earth ” 
to the last named, and explained the calcination of metals by heating 
in air as due to the expulsion of terra pinguis. What, precisely, this 
ferra pinguis might be, whether of a material or non-material nature, 
Beclier did not say. l\‘rha])s he regarded it as of a spiritual nature, 
like llaine itself, and somewhat defying conventional definition. His 
views Avere acc(‘})ted and amplified by Stahl, who, c. 1697, introduced 
the word pidoguioa ((ireek to set on fire) to denote the 

active prinei])lc‘ produeing lire. Like Bccher, Stahl liesitated to define 
exactly the nature of his phlogiston. It corresponded to the terra 
l)inguis of Becher and the sulphur of the earlier chemists. Any substance 
that would burn was regarded as being rich in phlogiston, and carbon 
was considered to be nearly pure phlogiston. 

When metals arc calcined in air, oxides are usually produced. This 
^vas explained by Stahl on the su])positioii that the metal, on being 
heated, ]>arted with its jdilogistoii, leaving a residue of calx.^ 

In the light of this idea a metallic calx or oxide was of simpler 
composition than the metal itself. Thus 

metal ™ calx ”|-phlogis toi i. 

Further, reducing agents such as charcoal were substances which, 

^ Priestley, Experiments and Observations on Different Kinds of Air, 1774, ii., 28. See 
Alembic Club Reprints, No. vii. (1894); Freund, The Study of Chemical Composition, 
chapter i. (Camb. Univ. Press, 1904). 

2 Becher, Fhysica Sublcrranca, 1669, 

^ Latin, calx, lime. The process of “ turning ” chalk to form lime w^as known to 
the ancients, and as the result of analogy the term calx was used to designate the residue 
of oxide obtained after “ burning ” a metal. 
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being rich in phlogiston, could restore this to the iiietallic oxide and 
so regenerate the metal. In accordance with these views, Priestley 
named the gas which he obtained from mercuric oxide, dephlogisticated 
air as an expression of the readiness with which substances burned in 
or imparted phlogiston to it; nitrogen, on the other hand, which 
appeared incapable of supporting combustion, was regarded as^ being 
already saturated with phlogiston, and was termed by Priestley 
phlogisticated air. 

The theory of phlogiston was, during the eighteenth century, 
exceedingly popular amongst chemists, despite the fact that it was full 
of anomalies. For example, if phlogiston were a material substance 
it is evident, from the equation given above, that a metal must weigh 
more than its calx. If phlogiston were non-material, the metal and 
calx would possess equal weight. But Jean Key ^ had already, in 1630, 
shown that lead and tin increase in weight when calcined, and Baycn,- 
in 1774, found that on heating mercury calx to a sulliciently higli 
temperature, metallic mercury is obtained, accompanied by a diminution 
in weight.® Both of these facts are in direct opposition to the phlogistic 
theory. 

Again, Stahl himself was not unaware of the facd that carbon would 
not burn in the absence of air, although, as mentioned above, he regarded 
it as almost pure phlogiston. The explanation offered was that 
phlogiston could not leave a substance unless it had somewhere to go. 
The air, however, could act as a sponge and absorb tlK‘ phlogiston, and 
thus enable combustion to proceed. Such an ex])lana;ti()u is, of course, 
inadequate in the case of the calcination of metals sinc*e no account is 
taken of the reduction in volume that invariably (‘iisues. 

It was reserved for Lavoisier to diseovc‘i- tlu‘ true cause.' of com¬ 
bustion. Having satislied himself that metals do inerc'asc' in wc'ight 
upon calcination, he definitely proved that this is due to 1 heir e()ml)ining 
with Priestley’s dephlogisticated air, and was thus led to dis<‘ard the 
idea of a special principle of combustibility smdi Jis phlogiston. A new 
name was therefore necessary for Priestley’s gas, ami Ln\’oisi(‘r lirst 
called it ‘‘eminently i)urc air,” but later (hvygeii (Frc'ueli (hvijgciie), in his 
belief that the element was an essential constitiu'ut ol’ a,11 acids.The 
German name Sauerstojf embodies the same idea. Although su})se(pient 
research has demonstrated the inaccuracy of this assumption, the 
names have retained their popularity. 

PREPARATION OF OXYGEN. 

Physical Processes.—The atmosphere, as a eoinpa,i*ati\ cly simi)le 
gaseous mixture, naturally suggests itself as a souvev ol‘ oxygen*. There 
are various physical methods available ibr the sc'para.lion of t wo sueii 
gases as nitrogen and oxygen, chief among which art* (he Ibllowing : 

1. Liquefaciioii.—When liquid air is allowed !o cNaporate, thc^ 
escaping vapour is exceedingly rich in nitrogen since I his gas has a, lowcvr 
boiling-point (namely, 195*67° C.) than'oxygc'ii (b.-pL, C.). 

^ See Alembic Club Reprints, No. xi. 

Bayen, J. Physique, 1774, 3 , 135, 281. 

2 Bayen did not examine the gas evolved in this proccaw, or Ik* would probably have 
recognised it as a new ps, and thus forestalled Priestley’s discovery of oxyL^en. 

^ From the Greek, o^vs, sour, and 'ytwdw, I produce. 
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The residual liquid in consequence becomes increasingly richer in 
oxygen as evaporation proceeds. This has been made the basis of a 
very successful commercial method for the preparation of oxygen.^ 

2. Solubility^ —Oxygen is approximately twice as soluble in water 
as nitrogen, hence it follows that water, upon exposure to air, will 
absorb twice as much oxygen in proportion to nitrogen as corresponds 
to the partial pressures of these gases. If now the dissolved gases are 
expelled from the water by boiling or by the aid of a vacuum pump the 
resulting “ air ” will contain roughly one part of oxygen to two parts of 
nitrogen by volume. By repeating these processes several times, 

fairly pure oxygen can be isolated. Mallet,^ in 1869, took out a patent 
for the commercial preparation of oxygen based on the foregoing 
principle. He found that after eight absorptions with water under 
pressure, a gas containing 97*3 per cent, of oxygen could be obtained. 
His results for successive absorptions were as follows : 

No. of absorptions .01234 5 6 7 8 

Percentage of oxygen . . 21 33*3 47-5 62-5 75*0 85*0 91-0 95*0 97*3 

Percentage of nitrogen, etc. , 79 66*7 52*5 37-5 25*0 15-0 9-0 5-0 2*7 

At the present time this method does not appear to have any com¬ 

mercial importance.^ The relative solubilities of oxygen and nitrogen 
in various other solvents have been determined,^ but the results do not 
encourage the idea that oxygen can be obtained any more readily than 
by the employment of water. 

8. Transfusion. —Thin layers of caoutchouc allow oxj^gen to diffuse 
through them about times as rapidly as nitrogen, and a rough 
separation of the gases can be effected in this manner.® 

4. Absorption in Charcoal. —^Wheii coconut charcoal is cooled to 
—185° C,, and exposed to pure, dry air, it absorbs oxygen more readily 
than nitrogen, and the gas recovered at 15° C. contains some 56 per cent, 
of oxygen. If allowed to escape slowly, the absorbed gas can be frac¬ 
tionated, the later fractions containing as much as 84 per cent, of 
oxygen.® 

It is also possible to separate oxygen and nitrogen by taking advan¬ 
tage of their differences in density as, for example, by direct diffusion 
through some inert, porous material, wdien the gases pass through at 
rates consonant with Graham’s Law ; or by centrifugal force. 

Chemical Processes. —The majority of the methods for obtaining 
oxygen fall into this categoiy, and may be classified according to whether 
the parent substance is a normal oxide, a higher oxide, or a more complex 
oxygeiiatcd compound. Several of the processes can be extended to 
serve as methods for tlie extraction of atmospheric oxygen. 

A. Preparation of Oxygen from Normal Oxides. —Water.—Perhaps 

^ For details see p. 31. 

2 Mallet, Dingl. Poly. J., 1871, 199 , 112 ; English Patent, 2137 (1869). 

^ See also Kubierschky, English Patent, 17780 (1899); Humphrey, ibid., 14809 (1905) ; 
Levy, ibid., 5931 (1909). 

^ Claude, Com,pL rend., 1900, 131 , 447. 

^ Graham, J. Ohem. Soc., 1865, 18 , 9. See also d’Arsonval, Compt. rend., 1899, 128 , 
1545. Several processes based on this principle have been patented. See H61ouis, 
English Patent, 2080 (1881); Neaver, ibid., 6463 (1890); de Villepique, Fournier, and 
Shenton, ibid., 19044 (1896); Bartelt, ibid., 24428 (1906). 

Dewar, Compt. rend., 1904, 139 , 261 ; Ann. Chim. Phys., 1904, [ 8 ], 3 , 12. See also 
Montmagnon and de Laire, Bull. Soc. chim., 1869, ii, 261. 

" Bredig, Zeitsch. physikal. Chein., 1895, 17 , 459. 
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the most important process by which water can be made to yield its 
oxygen in a free state consists in electrolysis in the presence of an 
alk^ine substance such as potassium carbonate or an alkali hydroxide. 
The oxygen obtained in this manner, if due precautions are observed, 
presents a iiigh degree of purity, and is hence particularly suitable for 
metal cutting and welding (sec p. 135). Care must be taken to avoid 
contamination with hydrogen during the process, owing to the danger¬ 
ously explosive nature of the mixture. 

For laboratory purposes a glass apparatus after the principle of a 
Kipp may be conveniently used. The electrolyte consists of a 30 per 
cent, solution of sodium hydroxide, whilst sheet-nickel plates serve as 
electrodes. The inner electrode functions as anode and the supply of 
oxygen regulates itself automatically, the liquid in the inner space 
surrounding the anode being gradually expelled, as in Kipp’s apparatus, 
as the pressure of the gas above increases, until the anode is left high 
and dry, when, of course, electrolysis ceases.^ Very pure oxygen may 
be obtained by the electrolysis of barium hydroxide solution. To a 
certain extent the electrolysis of water is used for the commercial 
preparation of oxygen.^ To this end, containing vessels of iron are 
used, the electrodes consisting of this metal or of nickel. The electrolyte 
consists of 15 per cent, caustic soda solution, and the liberated hydrogen 
and oxygen are collected in separate dome-shaped vessels under a 
pressure of some 60 mm. of water. A higher pressure cannot safely be 
employed owing to the danger of mixing. By means of a metallic 
partition between the electrodes, this danger is still further minimised. 
The containing vessels are packed in wooden boxes with sand, whereby 
the heat of the reaction is conserved, the temperature rising to about 
70° C. Each vessel yields 110 litres of oxygen per hour of purity 97 
per cent.^ Dilute solutions of acids, particularly sulphuric acid, may 
be employed instead of alkalies, but the latter are preferable. 

Electrolytic oxygen may contain as much as 4 per cent, of hydrogen. 
This may be removed as water by passage over platinised asbestos.^ 

Attempts have been made to cheapen the process by producing 
electrolytic oxygen without the simultaneous liberation of hydrogen 
by the adoption of depolarising electrolytes, or cathodes ; also of 
cathodes which absorb hydrogen and may subsequently be employed as 
elements in gas cells.® 

At high temperatures steam dissociates into hydrogen and oxygen, 
and these gases admit of isolation by taking advantage of the greater 
velocity of diffusion of the hydrogen as explained on p. 287. Tliis 
by no means constitutes a convenient method of preparing oxygen, but 
the process may be facilitated by the introduction of some substance 
capable of uniting with the hydrogen. Thus steam is readily decom- 
jDOsed by chlorine when the two arc passed through a red-hot porcelain 
tube. The reaction is accelerated by the presence of fragments ol‘ 
porcelain in the tube to increase the heating surface. 

2ll20+2Cl2=4HCl-f02. 

^ See Ruhstrat, Zeitsch. angew. Ghem., 1912, 25 , 1277. 

- See Zeitsch. Elektrochem., 1901, 7 , 857. 

The resistance of each cell is 2-8 volts. A current of 600 amperes is supplied, the 
theoretical yield of oxygen from which is 125 litres per hour. 

^ Moser, Zeitsch. anorg. Chem., 1920, iio, 125. 

5 See Coehn, German 'Patent, 75930 (1893); Brianchon, French Patent, 439737 (1912). 
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The hydrochloric acid may be absorbed by passage of the resulting 
gases through water or caustic soda solution. 

Silver oxide, AgaO, is readily decomposed by heat, evolving oxygen, 
and the characteristic change in colour from brown to silver-white 
renders the reaction particularly suitable for lecture demonstration. 
The equilibrium pressures of oxygen ha\mJ^een measured up to SOO'' C., 
and arc found to conform with the following law : 

log p=6-2853-~2859/T 

where jp is the pressure in atmospheres, and T the absolute temperature.^ 

The decomposition of mercuric oxide by heat has already been 
mentioned as the method by which Priestley w'as led to the discovery 
of oxygen. The oxide, which is yellow or brick red in colour, first 
becomes black—a reversible, physical effect. Oxygen is then evolved 
and a sublimate of mercury collects on the cooler parts of the con¬ 
taining vessel. The reaction is reversible, thus : 

2 lTgO=^ 2 Hg+ 62 . 

In the following table are given the dissociation pressures of mercuric 
oxide between 860° and 480° C.^ 


Temperature, ° C. 

Pressure, mm. 

Temperature, ° C. 

Pressure, mm. 

360 

90 

440 

642 

880 

141 

460 

1017 

400 

281 

480 

1581 

420 

887 

. . 



The rate of decomposition is accelerated by suitable catalysts such 
as finely-divided platinum, ferric oxide, and manganese dioxide. 
Aluminium and stannic oxides arc ajipareutly without effect. 

The normal oxides of scvca*al otlicr metals behave in an analogous 
manner to mercuric oxide. Thus palladous oxide, PdO, decomposes 
when heated, yielding metallic palladium and oxygen,^ the reaction 
being reversible : 

2Pd0^2Pd+02. 

At 877° C. the dissociation pressure of the oxide is 7G0 mm. 

In the case of auric oxide, AugO^, the reaction is not reversible. 
When heated at 150° to TG5° C., oxygen is evolved and aiirous oxide, 
AuO, remains. At 250° C. this latter oxide is completely converted 
into metallic gold.*^ Similarly, platinum dioxide, PtOg, upon ignition 
evolves oxygen, a residue of metallic platinum being obtained together 
with a solid solution of either tlie monoxide or sesqui-oxidc in the 
dioxide.^ 

^ Keyes and Kara, J. Amer. Chem. Soc., 1922, 44 , 479 ; Lewis, Zeitsch. physikal. Chem., 
1906, 55 , 449. 

2 Taylor and Hulett, J, Physical Ghem., 1913, 17 , 565. 

^ Wohler, Zeitsch. Elektrochem., 1906, 12 , 781 ; 1905, ii, 836. 

^ See Kruss, Annalen, 1887, 237 , 296 ; Ber., 1886, 19 , 2541. 

^ Wohler and Frey, Zeitsch. Elektrochem., 1909, 15 , 129. 
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When chlorine is passed over zinc oxide at a high temperature 
oxygen is evolved, zinc chloride remaining behind, 

2ZnO -|-2Ci2=2ZnCl2 2 * 

Oxides of the alkaline earth metals, namely CaO, SrO, and BaO, 
may be similarly employed, as also litharge, PbO, and cadmium oxide, 
CdO.i 

B. Preparation of Oxygen from Higher Oxides. —In addition to their 
normal ones, many metals yield oxides in which the percentages of 
oxygen are greater than correspond to the valencies of the metals as 
manifested in their more common salts. Such compounds are con¬ 
veniently termed higher oxides, and may usually be made to part with 
their excess of oxygen either by heating alone or with sulphuric acid. 

Manganese dioxide, MnOg, when heated to moderate redness, evolves 
oxygen and leaves a residue of the sesqui-oxide MugOg. 

4MnO 2 = 2 Mn 203 +O 

The reaction begins at 530° C. in air,^ and if the temperature is raised 
to 940° C. the sesqui-oxide in turn decomposes, yielding a further 
supply of oxygen and a residue of trimanganic tetroxide, Mn 304 . 

6Mn203=4Mn304+02. 

The foregoing reactions at one time offered one of the cheapest 
methods of preparing oxygen for commercial purposes. The source 
of the dioxide was the mineral pyrolusite, but the high tcani^crature 
required to extract the oxygen led to the superseding of this method by 
other more convenient processes. 

When heated with concentrated sulphuric acid, manganese dioxide 
evolves oxygen, leaving a residue of manganese sulphate. The reaction 
takes place in two stages,^ namely : 

(1) At 110° C. 

4Mn02+6H2S04=2Mn2(S04)3+6H20+02. 

(2) At the boiling-point of sulphuric acid 

2Mn2(S04)3=4MnS04+2S03-|-02. 

Lead dioxide, PbOo, when heated above 310° C., decomposes, 
yielding oxygen and lead monoxide. 

2Pb02-2Pb0+02. 

Similarly red lead, Pb 304 , when strongly heated evolves oxygen, a residue 
of lead monoxide remaining. This reaction is reversible.^ 

2Pb304=^6Pb0+02. 

At 530° C. the red lead may be comjdetely converted into monoxide 

1 See Gay Lussac, and Thenard, Reclierch. pJiysicocJdm., 180(), 2 , 143 ; Weber, Pogg. 
Annalen, 1861, Ii 2 , 619. 

2 Meyer and Eotgers, Zeitsch. anorg. Chew., 1908, 57 , 104. See also this series, 
Vol. VIII., Chap. 6 . 

Carius, Annalen, 1856, 98 , 53. 

Keinders and Hamburger, Zeitsch, anorg. Chem,, 1914, 89 , 71, 
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in a vacuum, but in the presence of air a higher temperature is essential, 
as is evident from the following data.^ 

Temperature ° C. . . . . . 445 500 555 636 

Dissociation pressure of Pb 304 in mm. . 5 60 183 763 

Alkali peroxides are rapidly decomposed by water, oxygen being 
evolved. In the case of sodium peroxide the reaction proceeds according 
to the following equation : 

2Na202+2H20=4Na0H-|-02. 

The reaction is conveniently carried out in a flask fitted with a drop 
funnel through which the water is slowly admitted. Some hydrogen 
peroxide is simultaneously produced. The evolution of oxygen is 
facilitated by the addition of a catalyst, such as a salt of nickel, cobalt, 
or copper. When pressed into small blocks or cubes, the mixture of 
sodium peroxide and catalyst may be placed in a Kipp or other gas¬ 
generating apparatus based on a similar principle, and a steady supply 
of oxygen obtained. The commercial commodity known as “ oxylithe ” 
has the following composition : 

Sodium peroxide . . . 98*32 per cent. 

Oxide of iron .... 1*00 ,, 

Copper sulphate . . . 0*68 ,, 

and is very suitable for this type of reaction.^ 

The preparation of small quantities of oxygen for laboratory j^urjDOses 
may be conveniently effected by gently warming a mixture of fused 
sodium peroxide with some salt containing water of crystallisation. 
For this purpose crystals of sodium carbonate or sulphate are very 
suitable. The oxygen is evolved in a steady stream which is readily 
kept under control.^ 

By the action of acids upon alkali or alkaline earth peroxides, 
hydrogen peroxide is liberated, which immediately undergoes partial or 
complete decomposition according to circumstances. Thus ox^^gen is 
readily obtained ^ by the employment in a Kipj:) of lumps of the mixture 
obtained by adding 100 parts of sodium peroxide and 25 parts of 
magnesium oxide to 100 parts of molten potassium nitrate. The liquid 
reagent consists of dilute hydrochloric acid. The magnesia does not 
serve as a catalyst ; on the contrary, it is added as an inert diluent to 
moderate the violence of the reaction . 

Hydrogen peroxide readily yields up its oxygen either under the 
influence of heat or of a catalyst. As examples of the last named, 
colloidal solutions of the platinum metals may be mentioned. 

In neutral solution hydrogen peroxide is decomposed catalytically 
by lead dioxide, but in acid solution the action is different and quanti¬ 
tative.® Thus, in the presence of nitric acid, 

PbO 2 -hH 2 O 2 + 2 HNO 3 - Pb (NO.) 2 +2I-1 2 O +0 2 - 
Manganese dioxide behaves similarly in acid solution, and, if charged in 

^ Le Chatelier, Bull. jSoc. chim., 1897, [3], 17 , 791. See also this series, Vol. V. 

^ See Hanman, English Patent, 9783 (1903). 

^ H. J. Turner, Amer. CTiem. J., 1907, 37 , 106. 

^ Wolter, Cliem,. Zeit., 1908, 32 , 1066. 

Schlossberg, Zeitsch. anal. Chem., 1902, 41 , 735. 

VOL. VII. : I. 
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lump form into a Kipp and subjected in the usual manner to the action 
of commercial hydrogen peroxicle acidified with sulphuric acid, a steady 
stream of oxygen is obtained.^ 

Instead of using free hydrogen peroxide, barium peroxide may be 
used, lumps of a mixture of barium peroxide, gypsum, and manganese 
dioxide being introduced into the Kipp, the liquid reagent consisting 
of hydrochloric acid.^ 

Hydrogen peroxide reacts with potassium permanganate in acid 
solution evolving oxygen. In the presence of dilute sulphuric acid the 
reaction proceeds along the lines indicated by the equation 

2KMn04+5H202+3H2S04=K2S04+2MnS04+8H20+502. 

For laboratory purposes ^ a steady evolution of oxygen may be 
obtained by allowing a solution of 25 grams of potassium permanganate 
in 500 c.c. of water and 50 c.c. of concentrated sulphuric acid to flow 
from a dropping funnel into a litre flask containing 500 c.c. of hydrogen 
peroxide solution (10 vol.).^ No heat is required. 

Hydrogen peroxide reacts in an analogous manner with potassium 
bichromate, evolving oxygen. A convenient way of preparing the gas 
in small quantities consists in adding 150 grams of concentrated sulphuric 
acid to hydrogen peroxide solution (10 vol.) ^ and allowing the mixture 
to come into contact with crystals of potassium bichromate ^ in a Kipp’s 
apparatus. The crystals should be large and the process carried out 
with care in the cold, as otherwise the reaction is liable to be very violent. 
In order to prevent small pieces of the bichromate from falling into the 
lower chamber of the Kipp, a layer of small pieces of pumice may be 
introduced into the middle chamber prior to the admission of the salt. 
The reaction proceeds according to the equation 

K2Cr,0,+4H2S04+3H202=K2S04+Cr2(S04)3+7H20+302. 

In alkaline solution potassium ferricyanide and hydrogen peroxide 
also yield a steady stream of oxygen which can be immediately checked 
by the addition of an acid.® 

The reactions involved appear to be represented by the following 
equations : 

2 K 3 Fe(CN) 6 + 2 KH 0 =: 2 K 4 re(CN) 6 +H 20+0 (nascent) 

0 +H202=H20~|-02. 

Experiment shows that it is the amount of alkali present that controls 
the reaction—an observation in harmony with the above equation. 

With bleaching powder, hydrogen peroxide in acidified solution 
readily yields oxygen gas,*^ 

Ca(OCl)Cl +H202=CaCl2 +H 2 O +O 2 . 

^ See Baumann, Ber., 1890, 23 , 324; Zeitsch. angew. Chem.^ 1890, p. 72. 

- Neumann, JSer., 1887, 20 , 1584. 

^ Gahring, Chem. Zeit., 1889, 13 , 264; Seyewetz and Poizat, Compt. rend., 1907, 144 , 
86 ; Mossier, Chem,. Zentr., 1909, ii., 785 ; from Zeitsch. Allg. Oesterr. Apoth. Ver., 1909, 
43, 301. 

^ That is a solution of hydrogen peroxide, yielding upon decomposition into water 
and oxygen ten times its own volume of the latter. 

Blau, Monatsh., 1892, 13 , 281 ; Erdmann and Bedford, Ber., 1904, 37 , 1184. 

^ Kassner, Chem. Zeit., 1889, 13 , 1302, 1338, 1407 ; Arch. Pharm., 1890, 228 , 432. 

' Volhrrd, Annalen, 1889, 253 , 246 ; Lunge, Zeitsch. angew. Chem., 1890, p. 7 ; Vanino, 
ibid., 1890, p. 80. 
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Barium peroxide is readily decomposed by heat, the reaction being 
reversible : 

2Ba02^2Ba0+02. 

By continuous removal of the oxygen, therefore, decomposition will 
continue at constant temperature until the whole of the solid phase has 
been converted into the monoxide. 

If, on the other hand, the pressure of oxygen in contact with the 
solid phase is increased beyond the dissociation pressure at a given 
temperature, the barium peroxide is regenerated, the foregoing reaction 
now proceeding from right to left.^ 

In the following table are given the dissociation 2 :)ressures of barium 
peroxide in contact with moisture ^ at various temperatures ranging 
from 618° to 868° C. 


Temperature ° C. 

618 

655 

697 

737 

794 

835 

853 

868 

Oxygen pressure (cm. mercury) 

11-3 

26-8 

65-4 

141 

378 

718 

937 

1166 

Water-vapour (cm. mercury) 

7-3 

13*7 

26-3 

47 

98 

159 

195 

231 


Boussingault attempted to use the foregoing reactions for the 2 :)rc- 
jDaration of oxygen on a commercial scale, but found that after several 
reheatings the barium oxide lost its jDower of absorbing oxygen. This 
difficulty was eventually overcome by the brothers Brin,^ who formed a 
comiDany for the preparation of oxygen for industrial purposes.^ 

The barium oxide was obtained in a hard and jiorous condition by 
ignition of the nitrate. Pieces about the size of a walnut were heated 
to 600° C. in vertical steel retorts into which air, purified from carbon 
dioxide and from most of its moisture, was conducted under a 2 )ressure 
of about 10 lb. i^ev sq. inch. After seven minutes the j^rcssure was 
reduced to 4 inches (10 cm.) of mercury, the temperature remaining 
constant, whereon the absorbed oxygen was evolved. This process was 
relocated four times per hour, and a gas of 95 per cent, purity obtained.^ 
As late as 1907 three works were producing 30,000 cubic feet of oxygen 
per day by this jorocess, which is now, however, obsolete in Great Britain, 
having been suioerseded by the liquid-air process,® which not only 
yields a cheaper but a purer gas, namely, 97 joer cent, oxygen. 

In 1913 a process was patented by which the oxygen of the air could 
be obtained by alternate oxidation and reduction of oxides of nitrogen. 
Vapour of nitric acid is ^Dassed over heated snlj^huric acid whereby 
oxygen is liberated and water and nitrosulphuric acid arc 2 :)roduced. 
The latter is treated with water yielding sulj^huric acid and a mixture 
of nitric oxide and nitrogen peroxide, the last named Ining reconverted 
into nitric acid by solution in water in iwcscnce oi* air. The rc‘a,ctions 
may be re 2 :)resented as follows : 

^ See Boussingault, Ann. Chvm. Phys., 1852, [3J, 35 , 5 ; 1880, [5,] 19 , 404 ; Condolo, 
Oo7npt. rend., 1868, 66 , 488. The velocity of formation of barium peroxide has recently 
been studied by Sasaki, Mem. Coll. Set. Kyoto, 1921, 5 , 9. 

“ Which is necessary for the reaction. See Hillebraiid, J. Amer. Chem. Sog., 1912, 34 , 
246. Compare Le Chatelier, Conipt. rend., 1892, 115 , 654. 

Brin, Mem. Soc. Ing. civ., 1881, p. 450 ; English Patent, 1410 (1880). 

^ The velocity of formation of barium peroxide has been studied by Sasaki, Mem. Coll. 
jSci. Kyoto, 1921, 5 , 9. 

English Patents, ', 4955 (1889); 4292 (1891); 17298 (1891); 14918 
(1893). Also Murray, Proc. Inst. Mech. Eng., 1890, p. 131 ; Thorne, J. Soc. Chem. Jnd., 
1890, 9 , 246. 

“ See p. 31. 

' Bergfeld, English Patent, 21211 (1913); J. Soc. Chem. Ind., 1914, 33 , 831. 
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(i) 4HN03=4N02+2H20+02. 

(ii) 4H2S04+4N02=4H(N0)S04H-2H20+02. 

(iii) 2 H(N 0 )S 04 +H 20 = 2 H 2 S 04 +N 203 . 

(iv) N 203 + 02 +H 20 = 2 HN 03 . 

C. Preparatioii of Oxygen from more Complex Compounds .—Many 
oxygenated salts and other compounds yield oxygen when subjected to 
the influence of heat, either alone or in contact with other substances. 
They may even yield oxygen at ordinary temperatures in contact with 
suitable catalysers. 

When metallic chlorates are gently heated, oxygen is evolved, a 
chloride being generally left behind. The salt which, for various 
reasons, has been studied most carefully in this connection is potassium 
chlorate. The decomposition of this salt is liable to be explosive if 
the heating is carried out suddenly.^ This is readily demonstrated by 
allowing very small drops of molten chlorate on the end of a glass rod 
to fall on to the bottom of a test-tube heated to redness. Sharp 
detonations result. When heated to 357° C. this salt undergoes no 
perceptible decomposition, but the powder cakes together and when 
examined under the microscope shows signs of incipient fusion.^ The 
salt becomes liquid at a slightly higher temperature,^ and at 370° to 
380° C. there is a rapid evolution of oxygen.^ Several reactions now 
begin to take place : 

(1) The formation of perchlorate. This is a case of autoxidation, 
one molecule of chlorate oxidising three other molecules of chlorate to 
perchlorate and being itself reduced to chloride. Thus : 

KCIO 3 + 3 KCIO 3 =KC1 + 3 KCIO 4 . 

This reaction is exothermic, evolving 61,300 calories.^ 

The velocity of formation of potassium perchlorate has been measured 
at 395° C. and the reaction shown to be tetramolecular and to proceed 
in accordance with the above equation.^ 

(2) In addition to the foregoing reaction, potassium chlorate 
undergoes decomposition into oxygen and potassium chloride. This is 
a monomolecular reaction and proceeds according to the equation 

2KC103=2KC1+302. 

(3) If the temperature is raised sufficiently the potassium per- 

^ Berthelot, Compt rend., 1899, 129 , 926. 

2 MTeod, Trans. Chem. Soc., 1889, 55 , 184. 

^ Using an electrical method, C. D. Carpenter {Chem. Met. Eng., 1921, 24 , 569) has 
determined the melting-point as 357*10 ° C. 

^ Oxygen is very slowly evolved at temperatures below the melting-point of the 
chlorate (Rilliet and Crafts, B.A. Reports, 1882, p. 493). 

^ In many textbooks this reaction is described as taking place according to the 
equation 

2 KCIO 3 =KC 104 +KC 1 +O 2 . 

It has long been known, however, that this is incorrect (Marignac, Jahresber., 1845, 24 , 192 ; 
Teed, Proc. Chem. Soc., 1885, i, 105; 1886, 2 , 141 ; Trans. Chem. Soc., 1887, 51 , 283 ; 
Frankland and Dingwall, ibid., 1887, 51 , 274). The formation of perchlorate is not per se 
accompanied by the evolution of oxygen. See Sodeau, Trans. Chem. Soc., 1902, 81 , 1066 ; 
Fowler and Grant, ibid., 1890, 57 , 279. 

® Scobai, Zeitsch. physikal. Chem., 1903, 44 , 319. 

’ Scobai, loc. cit. 
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chlorate formed in the first reaction begins to decompose, in the main 
according to the equation 

KC104=KC1+202. 

This reaction is inappreciable even at 411° C./ but readily proceeds to 
completion at 445° C.^ A small quantity of potassium chlorate is 
simultaneously regenerated.^ 

A trace of chlorine is usually found in the oxygen obtained by 
heating potassium chlorate in glass apparatus, a larger amount being 
obtained with Jena glass than with either soda or Bohemian com¬ 
bustion glass. When the chlorate is decomposed in platinum vessels, 
however, chlorine is either not evolved, or only in infinitesimal quantities 
whether at atmospheric or under reduced pressure.^ 

Sodium chlorate decomposes in a precisely similar manner to the 
potassium salt.® 

The foregoing method of preparing oxygen possesses two disadvan¬ 
tages. Not only is the evolution of the gas inclined to be violent and 
difficult to control, but the temperature at which the reaction takes place 
is too high to be satisfactorily carried out in a glass vessel. These 
difficulties are overcome by mixing the chlorate with manganese dioxide 
prior to heating, a procedure first described by Doebereiner ® in 1832. 
Under these conditions the evolution of oxygen is steady and com¬ 
mences at about 240° C. instead of 370° C 

It is important to remember that commercial manganese dioxide 
is occasionally contaminated with carbonaceous material such as coal 
dust. Such a mixture is very liable to explode when heated with 
potassium chlorate owing to the rapid combustion of the carbon in the 
oxygen. Manganese dioxide should, therefore, ahvays be tested before¬ 
hand and rejected for the preparation of oxygen if it is found to contain 
any carbonaceous matter. 

The manner in which the manganese dioxide assists the decomposition 
of the chlorate has been made the subject of considerable controversy. 
The oxide may be used over and over again without any measurable 
diminution of its activity.'^ It has been suggested from time to time 
that its action is purely mechanical ® analogous to that of sand, etc., in 
promoting the boiling of water. The analogy, however, is misleading, 
for reduction of pressure does not materially facilitate the evolution of 
oxygen from potassium chlorate, although it greatly reduces the boiling- 
point of water.^ Again, were the action purely mechanical, all other 
finely-divided substances, irrespective of their chemical composition, 
might be expected to act in a similar manner just as they are known to 
do in the case of boiling water. This, however, is not the case, for 

^ Scobai, loo. cit. 

- That is, at the boiling-point of sulphur. 8 ee Eraiildand and Dingwall, Trans. Ckem. 
jSoc., 1887, 51 , 279. 

Teed, loc. cit; Frankland and Dingwall, Loc. oil. 

^ Sodeau, Trans. Ghetn. tSoc., 1900, 77 , 137. Compare Williams, Froc. Chetn. Soc., 1889, 

5 , ^ 9 . 

^ Scobai, Zeitsch. physikal. Chein., 1903, 44 , 319. 

^ Doebereiner, Atmalen, 1832, i, 230. 

MXeod, Trans. Ghem. Soc., 1889, 55 , 184. 

« Veley, Phil. Trans. 1888, [A], 179 , 270. 

^ Sodeau, Trans. Chem. Soc., 1900, 77 , 144; 1901, 79 , 939. 
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although oxides of iron, cobalt, nickel, cerium,^ and copper facilitate 
the reaction, the oxides of zinc, magnesium, etc., appear incapable of 
doing so. 

The most probable explanation is that alternately higher and lower 
oxides of manganese arc formed ^—the higher oxide by the oxidising 
action of the heated chlorate, and the lower oxide by the decomposition 
of the higher, either alone or in contact with a further supply of chlorate. 
]Mention has already been made of the fact that, when potassium 
chlorate is heated alone, some perchlorate is formed through self-oxidation 
simultaneously with the evolution of oxygen. This reaction does not 
occur in the presence of manganese dioxide,^ since this oxide effects the 
decomposition of the chlorate into chloride and oxygen at a temperature 
considerably below that at which autoxidation of the chlorate proceeds 
at an appreciable rate.'^ 

That several other minor or side reactions should take place, in 
addition to the main cycle indicated above, is only to be anticipated. 
Thus the fact that the oxygen invariably contains traces of chlorine® 
suggested that a peculiar form of ozone was produced rather than 
chlorine; but this is negatived by the results of M‘Leod.® Small quan¬ 
tities of potassium permanganate are also undoubtedly formed in the 
solid mass, for when potassium chlorate is fused with a very small 
quantity of manganese dioxide a pink colour is observable on cooling. 
When this pink mass is fused over a flame, oxygen is evolved, but 
the colour persists until nearly all the chlorate is decomposed ; it then 
becomes greenish and ultimately brownish. If the dioxide is present 
in considerable quantity any pink colour is masked by the blackness 
of the mixture. 

MXeod explains these changes as follows : ^ 

(1) The dioxide acts on the chlorate forming permanganate, chlorine, 
and oxygen. 

2 KCIO 3 + 2 MnO 2 = 2 KMn 04 +C1 ^ +0 2 . 

(2) The permanganate then undergoes decomposition by the heat 
yielding potassium mangaiiatc, manganese dioxide, and oxygen. 

2 KMn 04 =KsMn O 4 +Mn 0 2 +0 2 . 

This reaction begins at about 200 ° C., and is rapid at 260° C.^ 

(3) The manganate is de(*omposed by chloiane yielding potassium 
chloride, manganese dioxide, and oxygen. 

K 2 Mn 04 +Cl 2 = 2 KCl -fMnO. -I-Oo. 


^ Namely cerium dioxide ; German Patent, 1915, No. 299505. 

- Sodeau, Traris. Chem. iSoc., 1902, 81 , 1066. 

^ Eccles, J. Chem, 80 c., 1876, 29 , 857 ; Tccd, Trans. Chem. 80 c., 1887, 51 , 283. 

Sodeau, loc. cit. 

^ Brunck, Ber., 1893, 26 , 1760; Zeitsch. anonj. Chem., 1895, 10 , 222. 

M‘Leod, Trans. Chem. 80 c., 1894, 65 , 202; 1896, 69 , 1015. 

’ McLeod, ibid., 1889, 55 , 184. For further details of the discussions on the 
decomposition of potassium chlorate the reader is referred to the folhjwing references 
in addition to those already cited : Berthelot, Com/pt. rend., 1899, 129 , 926 ; Warren, 
Chem. News, 1888, 58 , 247 ; Hodgkinsoii and Lowndes, Chem. News, 1888, 58 , 309 ; 1889, 
59 , 63; Bottomley, ibid., 1887, 56 , 227; Mauinene, ibid., 1886, 53 , 145; Jungfleisch, 
Bull. 80 c. chim., 1871, [2], 15 , 6 ; J. Fharm. Chim., 1871, 14 , 130; Baudrimont, ibid., 
1871, 14 , 81, 161 ; Debray, Ber., 1870, 3 , 247 ; Wiederhold, Ann. Phys. Chem., 1862, 
116 , 17i. “ See p. 24. 
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Oxygen may also be obtained by heating the chlorates of other 
metals, notably barium,^ calcium,^ strontium,^ lead/ and silver,^ or 
by decomposition of metallic bromates and iodates.® 

Aqueous solutions of alkali hypochlorites readily yield oxygen at 
the boiling-point under the influence of catalysers. This is easily 
accomplished by passing a current of chlorine through a concentrated 
solution of caustic soda at the boiling-point, to whieh a small quantity 
of a cobalt salt has been added.The cycle of reactions involving the 
liberation of oxygen may be represented as follows : 

2 Na 0 HH-Cl 2 =NaC 10 +NaCl+H 20 
NaClO +CoO=NaC] +C 0 O 0 
2Co02=Co0+02. 

An aqueous solution of bleaching powder, to which a trace of a 
cobalt salt has been added to serve as catalyst, readily evolves oxygen 
when warmed to about 80° C. The procedure may be varied by using 
a thin cream of bl eaching powder in water and warming this on a water- 
bath to 70° or 80^^ C. in the presence of a small quantity of a cobalt salt. 
The mixture froths excessively, but this tendency may be overcome 
by addition of a little paraffin oil. 

The mechanism of the process consists in the immediate conversion 
of the cobalt salt into an oxide which undergoes alternate reduction 
and oxidation. What the composition of the higher oxide may be is 
uncertain ; probably it is either the sesqui-oxide, C 02 O 3 , or the dioxide, 
CoOg.® Assuming it to be the latter, the reactions taking place ma}^ be 
represented as follows : 

2 Ca(OCl)Cl+ 2 CoO=: 2 CaCl 2 + 2 CoOo 

2Co02=2CoO-1-02. 

The velocity of reaction indicates it to be monomolecular.^** Salts of 
nickel, copper, or iron may be used instead of those of cobalt, but are 
less active. The theory that the catalyst effects the decomposition by 
its own alternate oxidation and reduction is supported by the result 
of passing chlorine into a 50 per cent, solution of sodium hydroxide 
containing dissolved copper hydroxide; the blue solution at first 
deposits a yellow copper peroxide, which rapidly decomposes, evolving 
oxygen and regenerating the original solution.^® The effect of adding 
two catalysts to bleaching powder is remarkable. If the bleaching 
] 3 owder is made into a cream with water, oxygen may be liberated at 

^ Poiilitzin, J. Muss. Cham. Soc., 1887, p. 339 ; i?er., 1887, 20 , Kef. 769 ; Schulze, 
J. jjmkt. Chem., 1880, [2], 21 , 407. See also Sodeau, Trans. Cheni. iSoc., 1900, 77 , 137. 

- Sodeau, Trans. Chem. 80 c., 1901, 79 , 247 ; Potilitzin, J. Muss. Phys. Chem. 80 c.» 
1890, 22 , 333. 

^ Potilitzin, loc. ciL, 1889, 21 , 451. 

^ Sodeau, Trans. Chem. 80 c., 1900, 77 , 717 ; Wachter, J. pralct. Chem., 1843, 30 , 329 ; 
Schulze, loc. cit. ; Spring and Prost, Bull. 80 c. cMm., 1889, [3J, i, 340. 

^ Sodeau, ibid., 1901, 79 , 249. 

« E. H. Cook, ibid., 1894, 65 , 802. 

^ See Bleaching Powder below. 

® See Carnot, Compt. rend., 1889, 108 , 610; Schroder, Chem. Zentr., 1890, i., 931 ; 
Hiittner, Zeitsch. anorg. Chem., 1901, 27 , 81 ; M‘Leod, Brit. Assoc. Reports, 1892, p. 669. 

® Bell, Zeitsch. anorg. Chem., 1913, 82 , 145. 

See Fleitmann, Annalen, 1865, 134 , (54 ; Bottger, J. prakt. Chem., 1865, 95 , 309, 375 ; 
Stolba, ibid., 1866, 97 , 309; Winkler, ibid., 1866, 98 , 340; Deniges, J. Pharm. Chim., 
1889, 19 , 303 ; Bell, Zeitsch. unorg. Chem., 1913, 82 , 145. 
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the ordinary temperature by addition of a ferrous or manganous sa 
and in the presence of a copper or nickel compound. The best resu 
is obtained with a mixture of ferrous and copper sulphates.^ 

Practically the same reaction takes place when a stream of chlorii 
gas is passed through boiling milk of lime containing a trace of coba 
oxide as catalyst. The oxygen is steadily evolved. ^ 

2Ca(0H)2+2Cl2=2CaCl2+2H20 4-02- 

Oxygen is readily evolved at the ordinary temperature on addi] 
water to a mixture of bleaching powder and an alkali or alkaline ear 
peroxide in the presence of a catalyst such as ferrous or copper sulphal 
If the solid mixture is pressed into small lumps or cubes, it may be us 
in a Kipp’s apparatus and thus afford a convenient method of prepari] 
the gas for lecture or laboratory purposes.^ 

Ca(OCl)Cl 4-Na202 4-H20 = Ca(OH )2 4-2NaCl +O 2 . 

Concentrated sulphuric acid, when strongly heated, decomposes in 
water and a mixture of sulphur dioxide and oxygen. 

2H2S04=2H20+2S02+02. 

To this end the acid is allowed to drop on to a red-hot surface and t 
resultant gases treated with suitable absorbents to remove the sulph 
dioxide and steam.^ 

Concentrated nitric acid readily decomposes, when heated, ir 
water, nitrogen dioxide, and oxygen. The two former are read 
converted again into nitric acid by the action of the atmospheric air. 

Alkali nitrates, when heated above their melting-points, yield t 
corresponding nitrite and oxygen ; but the gas is contaminated w: 
nitrogen resulting from partial decomposition of the nitrite. In the a 
of potassium nitrate the reaction may be represented by the equation 

2KN03=2KN02 402. 

Priestley had noticed as early as 1772 that, when a lighted candle 
lowered into the gas obtained by heating potassium nitrate, the 11a: 
‘‘ increased,” indicating more intense combustion.® 

The decomposition of alkali nitrates appears to be a reversi 
reaction. When heated in oxygen at a pressure of 175 atmospheres 
a temperature gradually rising from 395° to 580° C. during nine hoi 
sodium nitrite is almost completely oxidised to nitrate. Thus : 

2 [NaN 02 ] + ( 02 )= 2 [NaN 03 ] 415,000 calories. 

Calcium nitrite undergoes oxidation to nitrate in similar circumstance 

Potassium permanganate decomposes when gently heated. 1 
pure, dry salt shows signs of decomposition at 200° C.® The react 

^ Jaubert, German Patent, 157171 (1905). 

2 Jaubert, Gomft. rend., 1902, 134, 778 ; English Patent, 11400 (1901) ; 14848 (19 

^ This process is used commercially, not for the preparation, of oxygen, but for 
paring a mixture of sulphur dioxide and oxygen in the requisite proportions to y 
sulphur trioxide. 

See .Bergfeld, J. Soc. Ghem. Ind., 1914, 33, 831. 

^ Lang, An7i. Phys. Chem., 1863, [2], 118, 282. 

® Priestley, Phil. Trans., 1772, 62, 245. 

Matignon and Monnet, Gompt. rend., 1920, 170, 180. 

® Moles and Crespi, Zeitsch. physikal. Ghem., 1922, 100,-337. 
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is appreciable at 215° C, and is complete at 240° C. The oxygen pressure 
of the residue corresponds with that of pure manganese dioxide up to 
485° C. The heat of dissociation of potassium permanganate is 60,000 
calories.^ 

The reaction proceeds ap'proximately according to the equation 
2 KMn 04 =K^MnO.! +MnO ^ +0 o, 

a residue of potassium mangaiiate and manganese dioxide being 
obtained.^ 

When a mixture of manganese dioxide and sodium hydroxide is 
heated to dull redness in a current of air, sodium manganate is formed : ^ 

4NaOH +2MnO 2 +0 ^= 2 Na 2 Mn 04 + 2 H 2 O. 

The absorption of oxygen begins at 240° C., the rate of absorption 
increasing with the temperature, the optimum temperature being 600° C. 
The product, on treatment with, steam at 450° C., evolves oxygen, 
sodium hydroxide and manganese dioxide being regenerated : 

2 Na 2 Mn 04 + 2 H 2 O =- 4NaOH +2MnO 2 +0 2 - 

The foregoing reactions were made the basis of a commercial method 
for the preparation of oxygen from the air, but, owing to the short life 
of the solid phase, the process has not proved particularly successful.^ 

Teissier and Chaillaux ^ suggest the employment of barytes and 
manganous oxide which are heated together to redness with the pro- 
duction of manganese dioxide and barium sulphide: 

BaS04-f-4Mn0 = BaS +4Mn02. 

The temperature is now raised to white heat, whereby the dioxide 
dissociates. Thus: 

4Mn02—4Mn0+202. 

Finally steam is injected under pressure, reconverting the barium 
sulphide into sulphate and liberating hydrogen: 

BaS + 4 H 20 =BaS 04 + 4 H 2 . 

These reactions are interesting as constituting one of the few com¬ 
mercial processes in which hydrogen is simultaneously obtained in 
equivalent quantity to the oxygen. 

The alkali bichromates, when gently heated with concentrated 
sulphuric acid, are converted into chromium salts with liberation of 
oxygen.® Thus : 

2K2Cr207+8H2S04=::2K2S04+2Cr2(S04)3+8tl20+302. 

The change in colour undergone by the mixture during the reaction 

^ Moles and Crespi, loc. cit. 

- See Askenasy and Solberg, Festschrift W. NernsL, 1912, p. 53 ; Tessie du Motay and 
Marechal, Dingl. Poly. J., 1870, 196 , 230 ; Rousseau, Cornet, rend., 1886, 103 , 261 ; 
M‘Leod, Trans. Cherri. 80 c., 1889, 55 , 184. 

^ See this series, Vol. VIII., Chap. 6 . 

Tessie du Motay and Marechal, English Patent, 85 (1866) ; Parkinson, ibid., 14925 
(1890); Bowman, ibid., 7851 (1890); Fanta, ibid., 3034 (1891); Chapman, ibid., 11504 
(1892). 

^ Teissier and Chaillaux, French Pateiit, 447688 (1912). 

•' Balmain, J. Pharm., 1842, 2 , 499. 
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is very marked; the deep red of the bichromate giving place to the deep 
green of chromic sulphate. 

Upon exposure to moist air cuprous chloride absorbs oxygen, being 
converted into the basic oxide CugOC^. This, on heating to 400® C., 
yields free oxygen and a residue of cuprous chloride, from which the 
basic salt can be obtained again as indicated above. The initial sup|)]y 
of basic cuprous chloride may be conveniently obtained by heating a 
moist mixture of cupric chloride, sand, and clay in a current ol steam 
at 100® to 200® C.i 

Other processes that have been suggested involve the use of nitro- 
sulphonic acid ^ and haemoglobin.^ 

Plmnhoxan, a mixture the manganate and meta-plumbate ol 
sodium, namely, Na 2 Mn 04 . NagPbOg, readily evolves oxygen when 
heated in a current of steam at 430® to 450® C. The plumboxan is 
regenerated at the same temperature by replacing the steam with air, 
the issuing gas, during the initial stages of regeneration, consisting of a 
fairly pure nitrogen.^ 

The oxygen obtained by this process is very pure if the precaution 
is taken to remove the last traces of nitrogen from the pores of the 
plumboxan after regeneration by connecting to a vacuous vessel before 
introducing the steam. The chemical reactions taking place are very 
complex, and but imperfectly understood. 

Orthoplwnbates of the alkaline earth metals yield oxygen when 
strongly heated. The calcium salt, CagPbO^, is readily obtained by 
heating calcium carbonate and lead oxide in the presence of air ^ at 
about 600® C. When heated more strongly, the salt dissociates, 
yielding free oxygen, the dissociation pressures being as follow : ^ 

Temperature, ® C. . 880 940 1020 1060 1100 1110 

Pressure in mm. . 47 112 350 557 940 1040 

Although a higher temperature is required for the ])reparation of 
oxygen by this method than is the case with barium peroxide (set‘ ]). 19), 
the calcium plumbate is more rapidly regenerated in the presc‘ii(*t,‘ of air 
when the temperature is lowered ; furthermore, it is not necessary to 
remove the carbon dioxide from the air as in Brin’s process. 

The reactions entailed may be represented by the equation 

4CaC03 +2PbO +02(from air):^:±:2Ca2Pb044 f COo 
2Ca2Pb04^=^4Ca0 -f-2PbO +O 2 . 

The oxygen may be derived from calcium plumbate, however, in 
other ways than by heat alone. One method consists in lieating to 
about 700® C, in carbon dioxide : 

4C02+2Ca2Pb04:^4CaC03+2Pb0+02. 

The residue is then heated successively in steam and air whereby the 
plumbate is reformed.'^ 

1 Mallet, Com'pt. rend., 1867, 64 , 226; 1868, 66 , 349 ; Emjlisk Patent, 2934 (ISIU) ; 
3171 (1866). “ Bergfeld, liJ7iglidh Patent, 21211 (1913) ; sec also p. 19. 

^ Sinding-Larsen and Storm, ibid., 8211 (1910); 12728 (1910). 

Xassner, Arch. Pharm., 1913, 251 , 596. 

^ Kassner, ibid., 1890, 228 , 109 ; 1894, 232 , 375. 

Lc Chatelier, Com-jot. rend., 1893, 117 , 109. 

’ Kassner, Chem. Zeit., 1898, 22 , 225 ; 1900, 24 , 615. See also Salanion, EiajtiAi 
Patent, 6553 (1890). 



OXYGEN. 


27 


Another method consists in exposing the calcium plumbate to moist 
furnace gases at a temperature of about 80° to 100° C. The carbon 
dioxide is readily absorbed, the solid phase being converted into a 
mixture of calcium carbonate and lead dioxide. On raising the tempera¬ 
ture, oxygen is evolved, the process being facilitated by the introduction 
of steam. The calcium plumbate is then regenerated by heating in air. 

Biological Processes. —Under the influence of light the green parts 
of plants steadily assimilate carbon dioxide ^ and water, converting 
them into starch and evolving oxygen as a by-product. The voluitie 
of oxygen set free is approximately equal to that of the carbon dioxide 
absorbed, so that the initial and final stages of the very complex series 
of I’cactions involved may be represented by the equation 

6CO 2+ 5 H 2 O - CgHioOs -f 60 2 . 

(starch) 

The energy necessary for this reaction, which is endothermic, is obtained 
from the light, the most active rays being, curiously enough, those 
of the red, orange, and yellow portions of the spectrum,^ and not the 
chemically reactive rays of the blue and violet end. 

The evolution of oxygen from plants is readily demonstrated by 
placing fresh green leaves, such as those of mint or parsley, in a jar of 
water more or less saturated with carbon dioxide and exposed to sun¬ 
light. If the mouth of the jar is closed with an inverted funnel fitted 
with a tap, sufficient oxygen will collect in an hour or two to admit 
of being tested with a glowing splinter. The experiment may be carried 
out ill a glass cell in a projecting lantern, an image of the whole being 
thrown on to the screen by means of electric light.^ Bubbles of gas will 
be seen to collect rapidly on the leaves under the influence of the light. 

This reaction is of particular interest inasmuch as it constitutes 
nature’s method of replenishing the free oxygen content of the atmo¬ 
sphere. The cfliciency of the process is evident when, to quote an 
example of medium assimilatory activity, it is remembered that one 
squares metre of sunflower leaf can effect the decomposition of some 
40 grams of carbon dioxide, and the simultaneous evolution of 30 grams 
of oxygen in one summer day of 15 hours’ duration. 

LIQUID OXYGEN. 

Oxygen was not obtained in the liquid state by Faraday in his 
classical investigations on the liquefaction of gases, because the refriger¬ 
ating agents used by him did not suffice for the attainment of the 
critical temperature of the gas, above which it is impossible to effect 
liquefaction, no matter how great the pressure. 

The gas was first reduced to the liquid state by Cailletet ^ in 1877, 
and almost simultaneously by Pictet.^ The former investigator, who 
effected the cooling merely by the sudden expansion of the gas from a 
pressure of 300 atmospheres, obtained only a mist of small globules of 

1 8 ee Baly, Heilbron and Barker, Tram. Chem. Soc., 1921, 119 , 1025. 

- See Pfeft’er, Fflaumen Physiol., 2nd ed., vol. i., sec. 60 ; Kohl, Ber. deiiL But. Ges., 
1897, Heft. 2 . 

The rays should bo first passed through a water cell to intercept the heat before 
entering the cell containing the leaves. 

^ Cailletet, Compt. reyid., 1877, 85 , 1213, 1214. ^ Pictet, ibid,, p. 1276. 
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liquid oxygen, Pictet, however, cooled the gas, already compressed 
to 320 atmospheres, to —140*^ C. in a bath of rapidly evaporating liquid 
carbon dioxide and was able to collect a small quantity of the liquid. 
Liquid oxygen was first produced in sufficient bulk for satisfactory 
examination by Wroblewski and Olszewski ^ who made use of liquid 
ethylene, boiling rapidly under reduced pressure, as a refrigerant. 
The rapid evaporation of liquid ethylene in vacuo leads to a temperature 
of --152° C, and Dewar ^ utilised this in preparing liquid air and oxygen 
ill large quantities. 

Production of Liquid Air.^ —The methods for the production of 
liquid air are divisible into two classes according to whether the cooling 
of the gases is due to the external or internal work performed by them. 

The former method is based on the principle that the sudden, 
adiabatic expansion of gases against an external pressure causes external 
work to be done by them, accompanied by a proportional diminution 
in their own internal energy manifested by a reduction in temperature.^ 
Although this method was introduced by Cailletet in 1877 ^ and was 
successfully applied by him to the liquefaction of oxygen, nitrogen, and 
air, it was not until 1905 that it was successfully applied on a commercial 
scale, namely, in the Claude Process.^ 

The difficulty of lubrication appears to have been mainly responsible 
for the failure of previous attempts, and this was first overcome by the 
employment of petroleum ether which does not solidify, but merely 
becomes viscous at such low temperatures as —140° to —160° C. Later, 
however, it was found that leather retains its ordinary proi^erties at 
these low temperatures, and in 1912 leather stampings were fitted to 
the working parts of the machinery to the entire exclusion of lubricants. 
Claude’s apparatus is shown diagrammatically in fig. 1. 

Air, compressed to 40 atmospheres, passes along the inner tube Ti 
of the usual concentric system to the branched tube B, where it is placed 
in connection with a liquefier ” whilst much of the gas passes on 
through the expansion machine. Cooled by its loss of energy during 
expansion, it proceeds to the tubes inside the liquefier, and finally 
passes along the outer of the concentric tubes, thus cooling the oncoming 
air which reaches the expansion machine at —100° C. So cold does 
the expanded gas become that the compressed air in the liquefier 
finally condenses and is tapped off periodically, whilst the gas, after 
exerting this cooling effect, flows from the tubes of the liquefier into the 
outer tube Tg and reduces to approximately —100° C. the temperature 
of the air reaching Tj. 

The liquid air is usually collected and stored in Dewar vacuum 
flasks. These are double-walled glass vessels, the space between the 
walls being completely evacuated, so that the liquid in the flask is 
vacuum-jacketed. The heat conveyed by radiation across the vacuous 


1 Wroblewski and Olszewski, Compt. rmd., 1883, 96 , 1140, 1225 ; Wied. AmiaUn, 1883, 
20 , 243 ; Wroblewski, Compt. rend., 1884, 98 , 304, 982 ; 1885, 100 , 979 ; 1886, 102 , 1010 ; 
Olszewski, ibid., 1885, 100 , 350 ; Monatsh., 1887, 8 , 73. 

“ Dewar, PUl. Mag., 1884, 18 , 210 ; Proc. Roy. Inst., 1886, p. 550. 

3 See discussion on tke Generation and Utilisation of Cold, Tracis. Faraday Soc., 
1922, 18 , part ii. ^ YqJ j ^ 

^ See Cailletet, Com 2 )t. rend., 1877, 85 , 851, 1016, 1213, 1270 ; Ann. Chim. Phvs., 1878, 
15 , 132. 

Claude, Compt. rend., 1902, 134 , 1568; 1903, 136 , 1359 ; 1905, 141 , 762, 823 ; 1906, 
I43» 583. 



OXYGEN. 


29 


space is only about one-sixth of that which would reach the liquid by 
conduction and convection if the space were filled with air ; and this 
can be reduced to one-thirtieth by silvering the interior of the jacket. 
This latter procedure, however, is impracticable if for any purpose it is 
necessary to observe the contents of the flask. 

The second method of producing liquid air is based on the internal 
work performed by a gas upon expansion during passage from a high to a 
low pressure, the work being mainly that necessary to overcome the 
attraction between the gaseous molecules. This work is carried out at 
the expense of the sensible heat of the gas, and the effect is the greater 
the lower the temperature. It would not exist in the case of a perfect 



Fig. 1. —Claude’s apparatus for the production of liquid air. 


gas ui:>on free expansion, namely, into a vacuum, and must be carefully 
distinguished from the cooling already considered as the result of 
adiabatic expansion against the external atmospheric pressure, and as 
utilised in the Claude Process. This thermal effect was first studied by 
Joule and Thomson,^ and is exhibited by oxygen and nitrogen and there¬ 
fore by air, in the case of the last named, up to a temperature of 259° C. 
under normal pressure.^ The cooling, which is a small effect, amounting 
in the case of air at the ordinary temperature to only about 0-255° C. 
for a fall in pressure of one atmosphere,^ may be calculated from the 
expression 

^ Joule and Thomson, Phil. Trans,, 1853, 143 , 357 ; 1854, 144 , 321 ; 1862, 152 , 579. 

2 Olszewski, Bull. Acad. Sci. Cracow, 1906, p. 792. 

For discussions of this value, see Keyes, J. Amer. Chem. 80 c., 1921, 43 ,1452 ; Hoxton, 
Phys. Review, 1919, 13 , 438; Bradley and Hale, ibid., 1904, 19 , 391; 1909, 29 , 258. 
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where is the initial high pressure, fiTied low pressure, and T the 

initial absolute temperature, the cooling being expressed in degrees 
centigrade. By employing high pressures the cooling effect is pro¬ 
portionately enhanced. Thus, if a pressure difference of 100 atmospheres 
is employed, working at 0° C., the fall in temperature is 27-6 centigrade 
degrees. 

By allowing air to expand suddenly at ordinary temperatures a 
certain cooling is thus produced, and by applying this cooled gas to the 

reduction of the tempera¬ 
ture of yet unexpanded gas, 
the latter after expansion 
will attain a still lower tem¬ 
perature. In this way it is 
possible to make the cool¬ 
ing effect cumulative so that 
at last the temperature of 
the air is reduced to the li¬ 
quefying point. The Linde, 
Dewar, and Hampson lique- 
fiers are based on this prin¬ 
ciple.^ 

A diagrammatic repre¬ 
sentation of the Linde 
machine is given in fig. 2. 
Air compressed to 200 atmo¬ 
spheres passes through the 
steel bottle B where it de¬ 
posits its moisture, and 
thence proceeds to the 
worm surrounded by a re¬ 
frigerating medium. Here 
the temperature is reduced 
to ~ 50° C. and the last 
traces of water-vapour are 
removed. The gas passes 
thence down the innermost 
of the concentric copper 
tubes T, by way of which it 
reaches the needle-valve V, 
where it expands to a pres¬ 
sure of 40 atmospheres. This limited expansion yields the major 
portion of the Joule-Thomson effect and at the same time reduces tlic 
subsequent necessary work of compression. The cooled expanded gas 
returns through the second concentric tube to the compressor, cooling 
the oncoming air as it passes. As this process is continued, the air 
reaching V steadily falls in temperature until at last it begins to condense 
to the liquid state, when the liquid is allowed periodically to pass through 
the valve Y where, on account of the further decrease of pressure to 
one atmosphere, the liquid evaporates vigorously until its temperature 

^ See Linde, Ber., 1899, 32 , 925; Wied. Annalen, 1895, 57 , 328 ; Olszewski, Bull. 
Acad. Sci. Cracow, 1902, p. 619; Hampson, J. 80 c. Chein. Ind., 1898, 17 , 411 ; English 
Patent, 1895, No. 10165 ; also this series, Vol. I., p. 41. 
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falls to its normal boiling-point for this pressure ; the cold gas from the 
evaporation passes away through the outermost concentric tube and so 
assists in cooling the compressed air, whilst the liquid air collects in 
the receiver R and can be drawn ofl* as required by the tap C. The 
apparatus is enclosed in a packing of non-conducting material such as 
wool and is supported externally by a wooden or metallic case. In the 
earlier forms of this type of liqucfier the process was somewhat simpler 
because the pressure was allowed to fall directly to the ordinar^T- external 
atmospheric pressure by one expansion only. Machines of the more 
modern type have been constructed to yield over 50 litres of liquid air 
per hour.^ 

Production of Liquid Oxygen. —On account of the great import¬ 
ance of oxygen and the increasing importance of nitrogen for industrial 
and other purposes, the liquid mixture of these elements provides a 
promising field for a successful process for the production of the gases 
on a large scale. 

As is indicated by the curves in fig. 35 the vapour of boiling liquid 
air is richer in nitrogen than the liquid, hence careful fractional distilla¬ 
tion or evaporation should finally yield the oxygen in a pure condition 
because the boiling-point rises steadily as the percentage of oxygen 
increases. Bearing in mind the proximity to the absolute zero, it will 
be easily recognised that the relative difference between the boiling- 
points of the two constituents, namely oxygen —182*9° C. and nitrogen 
—195*67° C., is very considerable and that the main difficulties are 
likely to be of a mechanical type. 

Several forms of apparatus have been proposed. One of the earlier 
forms ^ suggested by Linde consisted of a modification of the apparatus 
represented in fig. 2 ; this was supplied with only one valve which 
allowed immediate expansion to atmospheric pressure, the liquid air 
produced by the cooling being collected in a suitable receiver. The 
compressed gas, before reaching the valve, was made to circulate 
through a copper coil actually inside the receiver so as to be covered by 
the liquid air already formed. The relative warmth of this gas caused 
an evaporation of the more volatile nitrogen, the liquid lost by evapora¬ 
tion being replaced by fresh liquid air produced by the expansion of 
the cooled gas. Proceeding in this way, the receiver soon contains 
fairly pure liquid oxygen which can be drawn off as necessary and 
transported, in the form of compressed gas, in steel cylinders. As the 
gaseous nitrogen which passes away from the apparatus is formed by 
the evaporation of a liquid containing at least 21 per cent, of oxygen, 
the nitrogen is not pure but must contain at least 7 per cent, of oxygen. 
A recent form of the Linde oxygen plant is shown in figs. 3 and 4.^ 

Prior to admission to the plant, the air is compressed to 135 atmo¬ 
spheres (2000 lb. per square inch), and cooled to —20° C. in an ordinary 
refrigerating apparatus. This serves to freeze out atmospheric moisture. 
Carbon dioxide is removed by passage through a slaked lime purifier. 

1 The Hampson machine is described in this series, Vol. I., p. 41. 

2 See British Patents, 14111 (1902); 11221 (1903) ; 12528 (1895). The production of 
pure oxygen and impure nitrogen requires a slightly different plant from that for yielding 
pure nitrogen and impure oxygen. Hence slightly different forms of apparatus are used 
according to the object in view. Griffiths {Trans. Faraday Soc., 1922, i 8 , 224) discusses 
the production of liquid oxygen for use on air-craft. 

See Engineering, 1915, 99 , 155. 
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Thus treated, the air is admitted to the Linde plant at the mouth of the 
regenerator spiral AA' through three small pipes a, one of which is 
surrounded by a wider concentric pipe b, as indicated in fig. 4. 
These small pipes continue, inside AA', to encircle the rectifying column 
D and merge into the smaller spiral surrounded by liquid oxygen in B. 
The air on its passage becomes increasingly cooler, and escapes by 
way of the throttle-valve C to the top of the rectifying column D, a 
falf in temperature occurring at C owing to the Joule-Thomson effect. 
Ultimate^ a liquid rich in oxygen collects in B, whilst gas, rich in nitrogen 
and containing only about 7 per cent, of oxygen, escapes at E and 
leaves the apparatus through the regenerator spiral AA', cooling in its 




Fic4S. 3 and 4.—The Linde oxygen plant. 

passage, by conduction, the incoming air in a. The oxygen at F leaves 
through the tube b passing up inside A'A 

When the apjDaratus has been at work a sufficient time to become 
steady, the liquid in B is continuously evaporated by the warmer air 
j^assing through the spiral, and the vapours escaping from B are rich in 
nitrogen, whilst the liquid remaining is rich in oxygen. The rectifying 
tower, with its baffie plates, reduces the amount of oxygen in the vapours 
escaping at E to about 7 j^er cent., for the ascending gases are con¬ 
stantly meeting liquids whose temperatures further up the rectifying 
column are increasingly lower. The oxygen thus condenses and joins 
the descending liquid stream. On the other hand, the nitrogen in that 
stremu meets increasingly warmer gases as it falls, and having a lower 
boiling-point than the oxygen, it evaporates away and escapes at E. 
Liquid oxygen of 98 to 99 per cent, purity thus collects in B and is finally 
drawn off at H through b. 

The efficiency of the ajDparatus depends upon the temperature 
gradient between D and F, and this is controlled by the throttle-valve C. 
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In practice it is found that a pressure of 50 to 60 atmospheres is sufficient, 
when the plant is in steady running, the 
temperature of the entering liquid air at 
D being —192° C., and at F—181*5° C. 

In Claude’s ^ process comj)ressed air, 
cooled by passage through a coil sur¬ 
rounded by the cold gases issuing from 
other parts of the apparatus, enters the 
lower portion of the apparatus (fig. 5) at 
A where it reaches the inner part of the 
tubular vessel B of annular cross-section ; 
this vessel is surrounded by liquid oxygen. 

During its ascent through B, the air be¬ 
comes partially condensed to a liquid 
which, as is shown by fig. 35, will contain 
up to 47 per cent, of oxygen. If the pres¬ 
sure of the incoming gas is correctly ad¬ 
justed, the residual gas will consist of 
almost pure nitrogen, which will pass over 
into the external tubular space C, where 
it becomes entirely liquefied. The liquids 
condensed in D and E are therefore 
greatly enriched in oxygen and nitrogen 
respectively before admission to the 
‘‘ still ” proper. The liquid collecting in 
D is caused by its pressure to rise through 
a regulating-valve into the fractionating 
column at F, and, overflowing down¬ 
wards, meets the ascending gases from 
the liquid oxygen in H. On account of 
the contact between these two currents, 
the descending liquid grows steadily richer 
in oxygen until it reaches the vessel PI, 
which is in connection with the tubes in 
B, as liquid oxygen. The gases rising up 
the column beyond F become submitted 
to further “ scrubbing ” by the liquid 
nitrogen reaching G from E, the effect of 
this being to condense any oxygen still remaining in the gas so that it 
returns to scrub the ascending gases in the lower portion of the column, 
whilst the gas issuing at the top is reduced to pure nitrogen. Gaseous 
oxygen can be drawn from I above the condensed liquid. Tlius almost 
pure oxygen and nitrogen are simultaneously produced.^ 

Commercial liquid oxygen may contain argon. Morey ^ found the 
composition of liquid oxygen to be as follows : 

Oxygen .... 96-9 per cent. 

Argon .... 2*8 ,, 

Nitrogen . . . . 0*3 ,, 

^ Claude, Compt rend., 1905, 141 , 823 ; also G. Claude, Liquid Air, Oxygen, Nitrogen, 
translated by H. E. P. Cottrell (Messrs J. & A. Churchill). 

^ Por descriptions of Pictet's process reference may be made to English Patent, 27463 
(1910); 9357 (1913) ; see also Maxted, J. Soc. Ghem. Ind., 1917, 36 , 778. 

^ Morey, J. Amer. Ghem.. 8'oc.,1912, 34 , 491 . Compare Claude, Compt. rewd.,1910, 151 , 752 . 
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CHAPTER III. 


THE PHYSICAL PROPERTIES OF OXYGEN. 

Gaseous oxygen is without colour, odour, or taste. The weight of 
1 litre of the gas under standard conditions has been repeatedly deter¬ 
mined, the more important results being given in the following table. 
The same result is reached irrespective of whether the gas is obtained 
chemically or from the atmosphere. As the result of a critical con¬ 
sideration of modern data Moles ^ concludes that the most probable 
value is 1-42891 ±0*00003 grams. 


WEIGHT OF 1 LITRE OF OXYGEN IN GRAMS 
AT 0° C. AND 760 mm. PRESSURE. 


Weight 

(grams). 

Remarks. 

Authority. 

1-42895 

Latitude 45° 

Moles and Crespi, AnaL Fis. Quim, 



1922, 20, 190. Compare, Moles 



andGonzalez, ik’d,1922,20, 72. 

1-42889 

Mean of 45 determina- 

Moles and Gonzalez, Compf. rend,, 


tions 

1921, 173, 355. 

1-42906 

Mean of 15 determina- 

Germann, Compt, rend., 1913, 


tions at sea level and 

157,926. J. Chim. p)hys., 1914, 


45° latitude 

12 , 66. 

1-42893 

.. 

Jaquerod and Pcrrot, Compt. 



rend., 1905, 140, 1542. 

1-4292 

.. 

Jaquerod and Pintza, ibid., 1904, 



139,129. 

1-4293 

Paris 2 . . . 

Leduc, ibid., 1896, 123, 805. 

1-42906 

Sea level, latitude,! 



45° . . . > 

Thomsen, Zeiisch. anorg. Cheni., 

1-42954 

Parish . . J 

1896, 12, 1. 

1-42900 

Mean of several series 

Morley, Zeitsch. physikal. CJiem., 



1896, 20, 68. 

1-42952 

Paris ^ . 

Ravleigh, Proc. Roy. Soc., 1893, 



53, 134. 

1-42892 

Sea level, latitude,"] 



45° . . , y 

Jolly, Wied. Annalen, 1879, 6, 

1-42939 

Paris ^ . . . J 

520. 

1-42971 

Paris 2 . 

Jolly, corrected by Rayleigh, l.c. 

1-42980 

Paris ^ . 

Regnault, 1847. 


^ Moles, J. Chim. physique^ 1921, 19 , 100. 

2 For Paris, the value of gravity {7=980-939. Latitude, 48° 50' N. 
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It may be mentioned that 1000 cubic feet of oxygen at 15° C. weigh 
S4-56 lb. (avoir.), whilst 1 lb. of the gas occupies 11*83 cubic feet. 

Assuming the mean weight of a litre of air at Paris to be 1*2930 
^rams (see p. 191) and of oxygen 1*42891 grams, the relative density 
of the latter is 1*1051. Since the air is a mixture, and its composition 
subject to slight variation, its density is not perfectly constant, so that 
■the above figure for the relative density of oxygen is merely a close 
approximation. 

With reference to hydrogen as unity, the density of oxygen is 
15 * 87.1 

With reference to water at 4° C., the density of oxygen at N.T.P. is 
0*00142952.2 

Despite its greater density, oxygen transfuses through a caoutchouc 
membrane some 2^ times as rapidly as nitrogen ^ and a rough separation 
of the gases from ordinary air can be effected in this manner (see p. 13). 

Oxygen, when subjected to increase of pressure, does not strictly 
obey Boyle’s Law. At first the gas is slightly more compressible than 
■the law demands, owing to the attraction between the gaseous molecules, 
^bove 300 atmospheres, however, the product PV increases steadily 
SLS the influence of the dimensions of the molecules themselves begins 
to make itself felt. The gas thus becomes increasingly less compressible 
than the law requires. This is well shown by the numerical data given 
in the table on p. 194. 

Considerable care must be exercised in compressing oxygen, for 
xinless proper precautions are taken there is considerable danger of 
explosion. Thus the gauges must be particularly clean and free from 
oil and other organic matter, the only permissible lubricant being 
"water.^ Cylinders containing compressed oxygen are painted black ; 
those with hydrogen, red; whilst nitrogen and air are stored in grey 
cylinders. This device tends to avoid confusion 
find explosions due to mixing the gases. 

The diameter of a molecule of oxygen is given 
as 0*265 

Solubility.—Oxygen is slightly soluble in 
water and in aqueous solutions. Several methods 
liave been devised for estimating the dissolved 
oxygen, and of these that due to Winkler is 
regarded as one of the most convenient and 
trustworthy.® As used by M‘Arthur the method 
consists in pouring the solution containing dis¬ 
solved oxygen into a flask graduated to 250 c.c. 
and 252 c.c. respectively, as shown in fig. 6, 
tintil the former level is reached. One c.c. each of alkaline potassium 
iodide ® and manganous chloride ® solution are added, and the stopper 

^ See this series, Vol. II., also this VoL, p. 35. 

2 Rayleigh, loc. cit, 

^ Graham, J. Chem. Soc., 1865, i 8 , 9. 

4 Rasch, Zeitsch. komp. fiuss. Oase, 1904, p. 141 ; Wohler, ZeitscJi. angew. Chem., 1917, 
30 , 174. 

® Keesom, Proc. K. Akad. Wetensch. Amsterdam, 1921, 23 , 939. 

® See Coste, J. Soc. Chem. Ind., 1917, 36 , 846. 

’ MArthur, J. Physical Chem., 1916, 20 , 495. 

^ Thirty-three grams NaOH, 10 grams KL Dilute to 100 c.c. 

^ Forty grams MnCb. 4 H 2 O in 100 c.c. solution. 



Fig. 6. —Apparatus as 
used by M'Arthur (1916). 
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inserted to the 252 c.c. level. On shaking, the manganous hydroxide 
liberated by the sodium hydroxide is oxidised by the dissolved oxygen. 
The stopper is removed and the whole acidified with 3 c.c. of concentrated 
hydrochloric acid and well shaken. Titration of the liberated iodine, 
preferably in another flask or dish, with thiosulphate ^ gives the amount 
of oxygen. 

Letts and Blake ^ use a large scx)arating funnel (fig. 7), graduated to 
hold exactly 350 c.c. of liquid. It is filled wdth water, 7 c.c. removed 
and replaced by 5 c.c. of ferrous sulphate ^ solution 
and 2 c.c. of concentrated ammonia. The stopper 
is inserted, the whole well shaken and allowed to 
stand fifteen minutes. Upon inverting and filling the 
open tube with diluted sulphuric acid,^ the tap may 
be opened. The acid enters owing to contraction 
caused by chemical action within the bulb, and, when 
all the ferrous hydroxide has dissolved, the solution 
is titrated with permanganate.^ 

Volumetric methods are frequently adopted, the 
volume of gas absorbed by a given volume of gas-free 
liquid,^ or, conversely, the volume expelled from the 
saturated solution being directly measured. 

There are several ways in which tlie solubility 
of a gas may be expressed. By j8' is meant the 
volume of gas reduced to 0° C. and 760 mm. which 
is absorbed by one volume of the liquid under a 
- » . total pressure of 760 mm., which includes the vapour 

as used by Letts Pressure of the solvent. 

and Blake (1899). is the volume of gas at N.T.P. absorbed by unit 

volume of the liquid under a partied pressure of the 
gas itself of 760 mm. irrespective of the vapour pressure of tlie liquid. 
It is known as Bunsen's absoiytion coefficient. if f is th(‘ vapour 

pressure of the solvent at any temperature 





760-/ 
760 * 


Ostwald's solubility 'product, /, represents the ratio of the volume of 
absorbed gas to that of the liquid at the temperature and partial 
pressure of measurement. It is not redueed to 0” C. and 760 mm. 
Hence, if the measurements are made at atmospheric pressures 

Z=:^(l+0*00367/. 

In the following table are given the results obtained liy different 
modern investigators for the absorption coefiieient, ^8, of oxygen in 
distilled water. 


^ Preferably N/100. 

“ Letts and Blake, Proc. Roy. Dublin Soc., 1899-1902, 9 , 454 . 

® Twelve grams FeSO^ per 250 c.c. of solution. 

^ Equal parts acid and water. 

^ A convenient strength is N/10. 

c Winkler, Ber., 1891, 24 , 89; Estreicher, Zeitfich. physikal. Chem., 1899, 31 , 176; 
Fox, Trans. Faraday Soc., 1909, 5 , 68 . 
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SOLUBILITY OF OXYGEN IN WATERA 


Temperature, 

°C. 

Winkler ,2 1891. 

Bohr and Bock,® 
1891. 

rox,« 1909. 

Adeney and 
Becker,® 1919. 

0 

0-04890 

0*04961 

0-04924 

0-04660 

10 

0*03802 

0*03903 

0*03837 

0-0362C 

20 

0*03102 

0*03171 

0*03144 

0*02965 

30 

0*02608 

0*02676 

0*02665 

0*02479 

40 1 

0 02306 

0*02326 

0*02330 


50 

0*02090 

0*02070 

0*02095 



Several complicated empirical formulae have been given by means of 
which the solubility of oxygen may be calculated for any desired 
temperature. Winkler ® gives, for temperatures between 0° and 30° C., 
the formula 

jS=004890—00013413^+0*0000283^2—000000029534^3, 

Fox ’ gives an analogous expression for* a temperature interval of 
0° to 50° C. : 

j3=0*049239—00013440^+0*000028752^2—0*0000003024^3, 

The solution of oxygen in water is accompanied by an expansion of 
the latter, 1 c.c. becoming 1*00115 c.c. on the absorption of 1 c.c. of 
oxygen.® 


The Rate of Solution of Oxygen and Air in Water. 

Comparatively little work has been carried out on the velocity with 
which partially or completely de-aerated water reabsorbs oxygen and 
nitrogen from the atmosphere. Two cases merit consideration, namely : 

.(1) When the water is subjected to agitation so that fresh surface 
layers are continually formed, the rate of gaseous absorption is then 
at its maximum. 

(2) When the water is quiescent. In this latter case the process is 
not purely one of absorption followed by diffusion ® into the body of 
the liquid from the surface layers, as has generally been supposed. It 
is considerably more rapid than this. Experiment shows that the gases 
do not remain concentrated in the surface layers, but tend to “ stream ’’ 
downwards under the influence of gravity, and thus to promote com- 

^ For a general review, see Coste, J. Soc. Ghem. hid., 1918, 37 , 170 T.; 1917, 36 , 846 ; 
also Carlson, Zeitsch. angew. Chem., 1913, 26 , 713. 

2 Winkler, Ber., 1891, 24 , 3602 ; 1889, 22 , 1764. 

Bolir and Bock, Wied. Annalen, 1891, 44 , 318. 

4 Fox, Trans. Faraday Soc., 1909, 5 , 68 . 

^ Adeney and Becker (/Sci. Proc. Roy. Dublin Soc., 1918, 15 , 385; 1919, 15 , 609) also 
discuss the rate of solution of oxygen in water, giving mathematical formulae for deter¬ 
mining the same at different temperatures (see below). 

** Winkler, Ber., 1889, 22 , 1764. ’ Fox, Trans. Faraday Soc., 1909, 5 , 68 . 

Angstrom, Wied. Annalen, 1882, 15 , 297. ® Adeney, Phil. Mag., 1905, 9 , 360. 

HizfEner, Wied. Annalen, 1897, 60 , 134. Compare Carlson, Medd. K. VetensJe. 
Nobel-mst., 1911, 2 , No. 6 , 1. 
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paratively rapid mixing. This is a point of very great biological and 
economic importance. 

Much of the modern research on the subject is due to Adeney and 
Becker/ whose initial researches were concerned with the rate of 
absorption of air by water under gentle agitation. They begin with the 
assumption that/ during the process of solution, the rate of passage, R, 
of gas into the liquid is proportional to the partial pressure of the gas, p, 
and the area, A, of the liquid exposed. Hence 

^=uA.p 

where u is the velocity of solution per unit area. Simultaneously with 
absorption, however, evaporation of the gas into the air takes place, 
with a rapidity proportional to the area A, and to the concentration, w, 
of the gas in the upper layers. If the coefficient of escape of the gas 
per unit area and volume of the liquid is denoted by /, the rate of escape, 
R/ of the gas from the liquid is given by the expression 

Ri=y^A, 

w being expressed as grams of gas per c.c. of the upper layer. 

The net rate of solution of the gas, therefore, is 
R —R^=uAp —fwA, 

and the two latter terms become equal upon saturation, when 

fw—up. 

Denoting the volume of the liquid by V, it follows that the rate of 
solution 

dw uAp j. A 
—a—hw 


where a^uApfSf and b=fA/Y^ time being expressed as d. 

The above equation may, for the sake of convenience, be expressed 
somewhat differently. Writing 

dw 

it follows that 

-bde; 

w—aju 

whence 




or, delogarising, 


w—ajb 

loge {w—alb)-=—b9+loge C; 
'w—alb=Ce'~^^, 


C being a constant. When u)=0, 6=0. Hence 



and 




^ Adeney and Becker, Sci. Proc. Roy. Dublin Soc., 1918, 15 , No. 31 ; 
Keprinted in Phil. Mag., 1919, 38 , 317 ; 1920, 39 , 385; 1923, 45 , 581. 
and Richardson, Phil. Mag., 1923, 45 , 835. 

® See Bolir, Wied. Amialen, 1899, 68 , 500; 1897, 62 , 644. 


1919, 15 , No. 44 . 
Adeney, Leonard, 
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For practical purposes it is most convenient to express the results in 
terms of the percentage of saturation. So that if w is the amount of 
gas in solution initially, expressed as a percentage of total saturation, 
the amount w dissolved after a given time d is 


Now / varies both with the temperature and the humidity. For an 
atmosphere saturated with moisture the following values for/have been 
determined, the water being gently agitated to ensure thorough mixing : 

For oxygen . . . /= 0*0096 (T-237) 

,, nitrogen . . . /= 0*0103 (T—240) 

„ air . . . . /=0*0099 (T-239), 

T being the absolute temperature, and 6 expressed in minutes. 

An example will make the value of the above equation quite clear.^ 
Consider a cubic decimetre of water at 2*5° C. and containing 40 per cent, 
of its total saturation capacity for oxygen. If it exposes one side 
(100 sq. cm.) to oxygen, how much gas will be dissolved in one hour 
under gentle agitation ? 

It is unnecessary to consider the pressure of the gas since Henry’s 
Law is obeyed and the desired result is to be calculated in percentage 
of total saturation. Since 6=60, =40,/= 0*0096 (275*5—237), it 
is easy to calculate that 

ze;=ll*8. 

In other words, after an hour the oxygen content will have risen from 
40 to 51*8 per cent, of saturation. 

The foregoing values for/were determined experimentally for water 
under gentle agitation in an atmosphere saturated with moisture. 
Such conditions are largely artificial. 

For quiescent bodies of water the following data have been obtained : ^ 

Value of /at 15° C. 

Air dried over calcium chloride . . . 0*61 

Air of average humidity ^ . . . . 0*34 

Air nearly saturated with moisture . . 0*23 

These results are very striking, showing that dry air is much more 
rapidly absorbed than moist. This is interpreted as meaning that the 
process by w'hich the dissolved gas is carried down into the body of the 
liquid is influenced by the rate of evaporation of the liquid surface, 
this being at a maximum when the air is dry. In the case of pure water 
this is merely a temperature effect, the evaporation causing a cooling 
of the surface layers and, at temperatures above 4° C., a gravitational 
circulation. In the case of solutions, such as sea-water, density changes, 
consequent upon variation in superficial concentration, are super¬ 
imposed on the temperature effect, so that more rapid mixing is 
likely to occur. This is confirmed by experiments which yielded the 


^ Taken from Adeney and Becker, loc. cit. 

^ Adeney and Becker, 8 d. Proc. Roy. Lublin Soc., 1920, i6, No. 20. 
2 The actual humidity is not stated. 
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following values for f 15° C. under similar couclitions of average 

humidity : ^ 

Tap-water . . . y=0*388 

Sea-water .... /=0*509 


The rate of solution of oxygen in water does not appear to be 
appreciably retarded by a thin layer of petroleiiin;*^ 

As a general rule the ])resence of dissolved salts, elieniieaUy neutral 
towards oxygen, reduces the solubility of the gas. Tims, in the case of 
sea-water, the value for ^ lulls with rising cliloriiie eoiiteut, as indicated 
in the following table : ^ 


SOLUBILITY OF OXYGEN IN SEA-WATER FROM A 
FREE, DRY ATMOSPHERE AT 760 mm. 

(Fox, 1009.) 


Parts of 

Temperature, ® C. 

Chlorine 
per 1000. 

0. 

4. 

8. 

12. 

16. 

20. 

0 

10*29 

9*26 

8*1.0 

7-(>8 

7*08 

6*57 

4 

9*83 

8*85 

8*01. 

7*36 

0*80 

0*33 

8 

9*30 

8*1.5 

7*()8 

7*01. 

(>*52 

0*07 

12 

8*90 

1 8*01. 

7*33 

(r71. 

0*2 1. 

5*82 

16 

8*43 

7*01. 

0*97 

6*13 1 

5*90 

5*56 

20 

7*97 

7*23 

6*62 

6* 11 j 

i 

5*69 

5*31 


These resxilts may bc‘ expia^sst'd mathematically by tlu^ etpiaiion 

iooo^"^io-2i>i ()*28()9/ ! ()-()0(;()()9/- I ()-()()()()(>;j2/^ 

-Cl(()*l lOL - 0*003922/ 1 O-OOOOOai/-), 

the chlorine being cx])re.ssc‘(l as grams pc^r litre. 

TIkj foregoing data, have? b(‘en rcvalculatc‘d to parts pen* million ))y 
Whi 2 >plc.'^ Earlier data, art* tiiose of Glowes and Ibggs,*'" who show 
that the solubility of atniosj)li(‘rie oxygen in diluted sea.-wat(‘r tails regu¬ 
larly with the amount of stni-water j)rt‘St‘nt; t.he sodium ehloridt*, as the 
})redominant salt, ha.s a, determining effeet ujxm iht* (|uantity of gas 
dissolved. 

The following data, ])ased on the rt*sults of ATArthurd* give the actual 
and relative solubilities of oxygen in solutions of various salts at 25° C. 

^ The actual Iiiunidity is not staUsI. 

“ Friend, Ganicyk’ Scholarship Mmioir.s, Iron aiul St(M‘! Inslitut.ts No. 3, 1911, p. 9; 
Stephenson, Analyst, 1919, 44 , 28S. 

^ Fox, loc. cit. The data, (i'\ <jjive the iiuniher of e.e. of oxyi'iui as in(‘a.surcd at 
N.T.P. that would be absorbed under a total i)ressure of TbO inni. of dry air, but a partial 
oxygen pressure of 7()0x0*21 mnn 

^ Whipple, J. Avier. Chem. Sue., 1911, 33 , 3 G 2 . 

® Clowes and Biggs, J. Soc. Chem, JluL, lOO-t, 23 , .‘JoS. 

® M‘Arthur, loc. cit. These data refer to oxygen as absorbed direct from tlie air at a 
partial pressure of 760x0*21 mm. 
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SOLUBILITY OF OXYGEN IN AQUEOUS SOLUTIONS. 
(M‘Arthur, 1916.) 


Molecular 
Salt. Concentra¬ 

tion. 

Grams per 
Litre. 

Relative 
Density at 
25° 0. 

c.c. Oxygen 
per Litre. 

Relative 

Solubility. 

Water only 


1-0000 

5-78 

100 

NaCl m/s 

7-31 

1-0022 

5-52 

95*5 

m/4 

14-62 

1-0067 

5-80 

91*7 

m/2 

29-23 

1-017 

4-92 

85*5 

m 

58-46 

1-038 

4-20 

72*7 

2m 

117-0 

1-075 

3-05 

52*8 

3m 

175-5 

1-112 

2-24 

38-8 

4m 

284-0 

1-149 

1-62 

28*1 

KCl m/8 

9*82 

1-008 

5-52 

95*5 

m/4 

18-64 

1-0086 

5-30 

91*7 

m/2 

37‘28 

1-020 

4-98 

86*2 

m 

74-56 

1-042 

4-26 

73*7 

2m 

149*1 

1-086 

3-21 

55*5 

3m 

223*7 

1-134 

2-36 

40*8 

4m 

298*2 

1-170 

1-86 

32*2 

KI m/8 • 

20*75 

1-013 

5 65 

97*8 

m/4 

41*50 

1-027 

5-49 

95*0 

m/2 

83*0 

1-056 

5-20 

90*0 

m 

166*0 

1-116 

4-75 

82*2 

2m 

332*0 

1-230 

3-77 

65*2 

5m 

830*0 

1-460 

1-81 

31*3 

NH^Cl m/8 

6*69 

1-0015 

2-31 

40*0 

m/4 

18*37 

1-0025 

1-16 

20*1 

m 

53 47 

1-0014 

0-07 

0*1 

KNO3 m/4 

25*28 

1-015 

5-49 

95*0 

m/2 

50*56 

1-029 

5-11 

88*4 

m 

101*11 

1-059 

4-61 

79*8 

2m 

202*22 

1-110 

3-65 

63*1 

Na 2 S 04 m/8 

17*76 

1-014 

5-04 

87*2 

m/4 

35*52 

1-032 

4-60 

79*6 

m/2 

71*03 

1-063 

3-97 

68*7 

m 

142*06 

1-13 

3-00 

51*9 

K2SO4 m/8 

21-78 

1-016 

5-11 

88*4 

m/4 

48-57 

1-032 

4-66 

80*6 

m/2 

87-13 

1-060 

3-89 

67*3 
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Solubility of Oxygen in Aqueous Solutions— 


Salt. 

Molecular 

Concentra¬ 

tion. 

Crams per 
Litre. 

Relative 
Density at 
25° C. 

c.c. Oxygen 
per Litre. 

Relative 

Solubility. 

MgCl^ 

m/8 

11-91 

1-011 

5-35 

92-6 


m/4 

23-81 

1-022 

5-04 

87-2 


m/2 

47-62 

1-044 

4-37 

75-6 


m 

95-24 

1-085 

■ 3 -I 8 

55-0 


2m 

190-48 

1-160 

2-22 

38-4 


4ni 

381-0 

1-284 

0-78 

13-5 


5m 

476-2 

1-343 

0-54 

9-3 

BaC], 

m/8 

26-04 

1-019 

5-40 

93-4 


m/4 

52-08 

1-042 

5-04 

87-2 


m/2 

104-15 

1-082 

4-27 

73-8 


m 

208-29 

1-177 

3-10 

53-6 

CaCl^ 

m/4 

27-75 

1-022 

5-08 

i 87-9 


m 

111-0 

1-084 

3-71 

64*2 


, 5m 

555-0 

1-340 

2-14 

37-0 


The solubility of oxygen in aqueous solutions of aeicls and alkalies 
is given by Geffckcn as follows : ^ 


SOLUBILITY OF OXYGEN IN DILUTE ACIDS 
_AND ALKALIES. (Geffckeiq 1004,.) 


Solution. 

Molecular 

Concentration. 

Grams per Litre. 

c.c. O.xygen 
1 (15° C.). 

per c.c. at 

1 (25“ 0.). 

Water only 


. . 

0-0363 

0-0308 

II,SO„ 

m/4 

24-52 

0-()338 

0-0288 


m/2 

49-04 

0-0319 

0-0275 


m 

98-08 

0-0285 - 

0-0251 


3m/2 

147-12 

0-0256 

0-0229 


2 m 

196-16 

0-0233 

0-0209 


5m/2 

245-20 

0-0213 

0-0191 

HCl 

m/2 

18-22 

0-031t 

0-0296 


m 

36-45 

0-0327 

0-0287 


2m 

72-90 

0-0299 

0-0267 

IINO3 

m/2 

36-52 

0-03 18 

0-0302 


m 

63-05 

0-0336 

0-0295 


2m 

126-10 

0-0315 

0-0284 

NaOII 

m/2 

20-03 

0-0288 

0-0250 


m 

40-06 

0-0231 

0-020 1 


2m 

80-12 

0-0152 

0-0133 

KOH 

m/2 

28-08 

0-0291 

0-0252 


m 

56-16 

0-0234 

0-0206 


^ Geffcken, Zeitsch. physikal. OJiem., 1904, 49 ? 257. OUiei' data for sulphuric acid are 
given by Bohr {ibid., 1910, 71 , 47) and Christoff {ibid., 1906, 55 , 622). 

2 Calculated by the present authors. There is clearly a misprint in Geffckcn’s original 
paper at this point. 
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Oxygen is much more readily soluble in blood than in water ; 
100 c.c. of average human blood is able, when fully saturated in contact 
with air, to hold between 18 and 19 c.c. of oxygen measured at N.T.P. 
(see p. 135). In ethyl alcohol, oxygen is several times more soluble than 
in water.^ Its solubility at any temperature may be calculated from 
the following equation ; ^ 

/3=0*2337—0*00074688i+0000003288/2, 

The solubility of oxygen in aqueous solutions of ethyl alcohol at 
20° C. is as follows : ^ 

Alcohol per cent, by weight 9-09 16'67 23-08 28-57 33-33 60-00 66-67 80-00 

I ... . 2-78 2-63 2-52 2-49 2-67 3-50 4-95 6-66 

It will be observed that there is a decided minimum solubility at 
about 30 per cent, of alcohol. 

These data refer to an atmosphere of oxygen of partial pressure, 
760 mm. 

Oxygen is also soluble in certain molten metals,^ e.g. platinum 
and silver, more than twenty times its own volume of the gas being 
absorbed in the case of the latter metal; the dissolved gas is largely, 
but not completely, restored at the moment of solidification of the 
metal, and the phenomenon of ‘‘ spitting ” is thus produced. The power 
of oxygen to diffuse through heated silver, whereas glass is impervious, 
is probably due to this solubility of oxygen in the metal.® 

Certain finely divided metals, especially platinum black and 
palladium black, can absorb many times their own volume of oxygen. 
In the case of the latter metal ® absorption is probably attended by the 
formation of an oxide or mixture of oxides, but in the case of the former, 
although the product may include an unstable oxide,’ the oxygen can 
be entirely recovered by reducing the pressure.® 

Wood charcoal can absorb eighteen times its own volume of oxygen 
at 0° C. and more than two hundred times its bulk at —185° C. ; the 
absorbed gas is liberated if the charcoal is heated.® 

By thermal conductivity is understood the quantity of heat that 
would pass between the opposite faces of a unit cube with unit tempera¬ 
ture difference between the faces. The value found for oxygen at a 

^ Carius, AnnaleUi 1855, 94,134. 

2 Timofeieff, Zeitsch. pJiysihal. Cliera., 1890, 6 , 141. 

3 Lubarsch, Wied. Annalen, 1889, 37 , 525. 

^ Deville, Compt. rend., 1870, 70 , 756; Levol, Co}npt. rend., 1852, 35 , 63 ; Dumas, 
Ann. Chim. Phys., 1878, [5], 14 , 289 ; Sieverts and Hagenacker, Zeitsch. physiJcal. Chem., 
1909, 68 , 115 ; Donnan and Shaw, J. Soc. Chem. Ind., 1910, 29 , 987. 

^ Bartoli, Gazzetta, 1884, 14 , 544; Troost, Gompt. rend., 1884, 98 , 1427 ; Graham, 
PJhil. Mag., 1866, [4], 32 , 503. 

^ Neumann, Monatsh., 1892, 13 , 40; Willm, Bull. Soc. chim., 1882, [2], 38 , 611; 
Mond, Ramsay, and Shields, Proc. Roy. Soc., 1897, 62 , 290 ; Zeitsch. physikal. Chem., 1898, 
25 , 657. See also this series, Vol. IX., Part I. 

^ Engler and Wohler, Zeitsch. anorg. Chem., 1902, 29 , 1 ; Mond, Ramsay, and Shields, 
ioc. cit. 

® Ramsay and Shields, Phil. Trans., 1896, 186 , 657. See also Lucas, Zeitsch. Elehtro- 
chem., 1905, ii, 182. ^ Jouhn, Compt. rend., 1880, 90 , 741. 

Expressed in calories. Adopting metric units, the conductivity is given by the 
expression 

/{;= calorie X cm.-^ X sec.-^ X temp. (° 0.)-^. 

Todd, Proc. Roy. Soc., 1909, [A], 83 , 19. 
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mean temperature of 55° C. is 0-0000598. According to the kinetic 
theory of gases the thermal conductivity, h, is given by the expression 

k=fr]C^ 

where rj is the viscosity of the gas and Q the specific heat at constant 
volume. / is a constant, apparently depending on the ratio of the 
specific heats,^ and in the case of diatomic gases has the value 1*603. 

The viscosity of oxygen at 23-00° C. and 760 mm. pressure is 
2042*35 X10“'^. ^ The viscosity rises with the temperature. Its mean 
specific heat at constant pressure rises with temperature as indicated in 
the following table : ^ 

SPECIFIC HEAT OF OXYGEN. 


Temperature Interval, 
°C. 

Mean Specific Heat at 
Constant Pressure. 

20 to 440 

20 to 630 

0*2240 

0*2300 


The ratio of the specific heat at constant pressure to that at constant 
volume is 

y=CplCv:=l'S99 

—a value to be expected for a diatomic gas.^ 

The molecular specific heat at constant volume is given by the 
expression ® 

0^=4-900+0-00045^ 
and at constant pressure by ® 

C^=6*50+0*0010T 

where t and T are on the centigrade and absolute scales respectively. 
The molecular specific heat at constant pressure at 20° C. is calculated 
as 6-924 from the velocity of sound in oxygen by Kundt’s method.^ 

The coefficient of expansion per degree centigrade rise in temperature 
between 0° and 100° C., measured at constant pressure of one atmosphere, 
was determined by Jolly ® as 0*0036743, and found to be constant for a 
temperature ranging up to 1600° C. 


^ Meyer, Kinetisclie TJieorie der Gase (Breslau, 1877); Schleiermacher, Wied. Annalen, 
1889, 36 , 346. 

“ Yen, Phil. Mag., 1919, [ 6 ], 38 , 582. See also Sclimitt, Ann. PhyslJc, 1909, 30 , 398 ; 
von Obermeyer, Sitzungsber. K. Akad. Wien., 1875, 71 , 281. 

3 Holborn and Austin, Sitzungsber. K. Akad. Berlin, 1905, p. 175 ; earlier data 

are given by Begnault, Mhn. de VAcad., 1862, 26 , 1 . 

^ Mercer, Proc. Phys. Soc. London, 1914, 26 , 155 ; see for earlier data Cazin, Ann. 
Chim. Phys., 1862, 26 , 1; Muller, Ber., 1883, 16 , 214; Wied. Annalen, 1883, 18 , 94 ; 
Lummer and Pringsheim, ibid., 1898, 64 , 555 ; Kiister, bissertation, Marburg, 1911. 

5 Pier, Zeitsch. Elektrochem., 1909, 15 , 536; 1910, 16 , 879. 

® Lewis and Randall, J. Amer. Chem. Soc., 1912, 34 , il28. 

^ Schweikert, Ann. Physik, 1915, 48 , 593. 

® Jolly, Pogg. Annalen, Jubelband, 1874, p. 82. 
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For a gas that obeys Boyle’s Law the coefficient of expansion at 
constant pressure is numerically the same as the coefficient of increase 
of pressure with rise of temperature at constant volume. This has been 
determined for a temperature interval of 0° to 1067° C, and has the 
value 0-0036652 in the case of oxygenA 

The refractive index ^ of oxygen is 1*000272 at 0° C. and 760 mm. for 
the sodium D line (A=5893xl0“® cm.); the indices for other wave¬ 
lengths not widely removed may be calculated from Cauchy’s equation 

1—A{1+B/;12) 

where ju, and A represent the refractive index and wave-length respect- 
ively, whilst A and B are constants ; the latter constant, B, is the 
coefficient of dispersion. For oxygen gas, A=26*63xl0“^, and 
B = 5*07xl0“^^. According to Cuthbertson,^ the refractive index, 
of oxygen for any incident light of frequency,/, is given by the expression 

, 3*397X1027 

n — 1 =-- 

12804X10—/2 

Examination of long layers of the gas shows oxygen to exert a 
selective absorption for light in certain parts of the spectrum.** 

The emission spectra obtained by an electric discharge through the 
gas under a reduced pressure and by the spark discharge are of a complex 
nature.^ 

Both the magnetic susceptibility ® and the magnetic rotatory 
power ^ of gaseous oxygen have been subjected to investigation. 

Liquid oxygen is a transparent liquid, possessed of a bluish tinge. 
Its critical constants have been variously determined as follows : 


Jaquerod and Perrot, Compt. rend., 1905, 140 , 1542. 

2 Rentschler, Astrophys. J., 1908, 28 , 345 ; see also Koch, Ann, Physik, 1905, 17 , 65S ; 
Barasay and Travers, Proc. Boy. Soc., 1897, 62 , 225; Lorenz, Wied. Annalen, 1880, 11 , 70 ; 
Craillebois, Ann. Gliim. Phys., 1870, [4,] 20 , 136. In the infra-red region, see Statescu, 
Bull. Acad. Sci. Boumanie, 1914-15, 3 , 211. 

^ C. and M, Cuthbertson, Proc. Boy. Soc., 1910, [A], 83 , 151. 

^ Egoroif, Compt. rend., 1885, loi, 1143; 1888, 106 , 1118; Janssen studied the 
absorption under pressures ranging up to 27 atmospheres, ibid., 1885, loi, 111, 649 ; 
1886, 102 , 1352; 1888, 106 , 1118; 1888, 107 , 672. His results were suioported by 
Liveing and Dewar, Phil. Mag., 1888, 26 , 286. See also von Wartenberg, PJiysikal. 
Zeitsch., 1910, ii, 1168; Bloch, Compt. rend., 1914, 158 , 1161; Warburg, Sitzu7igsber. 
Preuss. Akad. Wiss. Berlin, 1915, p. 230 ; Duclaux and Jeantet, Compt. rend., 1921, 173 , 
581 ; Shaver, Trans. Boy. Soc. Canada, 1921, 15 , [3], 7. 

^ See Schuster, Proc. Boy. Soc., 1878, 27 , 383 ; Phil. Trans., 1879, 170 , 137 ; Vogel, 
Ber., 1879, 12 , 332 ; Smith, Phil. Mag., 1882, 13 , 330 ; Griinwald, Ghem. News, 1887, 56 , 
201, 223, 232 ; Bunge andPaschen, Wied. Annalen, 1897, 61 , 641 ; Steubing, A?m. Physik, 
1910, 33 , 553 ; 1912, 39 , 1408 ; Stark, Physikal. Zeitsch., 1913, 14 , 770, 779 ; Scharbach, 
Zeitsch. wiss. Photochem., 1913, 12 , 145; Croze, Oompt. rend., 1913, 157 , 1061; 1912, 
155 , 1607 ; Paschen and Back, Ami. Physik, 1912, 39 , 897 ; Yoshida, Mem. Goll. Sci. 
Kyoto, 1919, 3 287; Bottcher and Tuczek, Ann. Physik, 1920, 61 , 107 ; Bunge, Physica, 
1921, I, 254. For a study of the spectrum in the extreme ultraviolet, see Hopfield, 
Physical Beview, 1922, 20 , 573. 

® Onnes and Oosterhuis, Proc. K. Akad. Wetensch. Amsterda^n, 1913, 15 , 1404 ; Bauer 
Weiss, and Piccard, Compt. rend., 1918, 167 , 484; Weiss and Piccard, ibid., 1912, IS5> 
1234 ; Piccard, Arch. Sci. phys. nat., 1913, 35 , 458. 

^ Kundt and Bontgen, Ann. Phys. Ghem., 1899, 8 , 278 ; 1880, 10 , 257 ; Becquerel, 
Compt. rend., 1880, 90 , 1451. 
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CRITICAL CONSTANTS OF OXYGEN. 


Critical 
Tempera¬ 
ture, ° C. 

Critical 

Pressure, 

Atm. 

Critical 

Volume, 

c.c./gram. 

Critical 

Density, 

gram/c.c. 

Critical 
Volume 
expressed 
relatively 
to that of 
the Gas 
measured 
at N.T.P. 

Authority. 

-113 

50 




Wroblewski, Compt. rend., 1883, 
97 , 309. 

-118-8 

50-8 




Olszewski, ibid., 1885, 100 , 351. 

-113 

50 




Dewar, Chem. News, 1885, 51 , 
27. 

-118-0 


2-269 

0-4407 


Dewar, Proc. Boy. Soc., 1904, 
73 , 251. 



2-326 

0-4299 

0-00426 

Mathias and Onnes, Proc. K. 
Akad. Wetensch. Amsterdam, 

1911, 13 , 939. 

-118-82 

49-640 



1 

Onnes, Dorsman, and Holst, 
ibid., 1915, 17 , 950; 18 , 409. 

-118-0 

49-3 




Cardoso, Arch. Sci. Phys. Nat, 
1915, 39 , 400 ; J. Cliim. phys., 
1915, 13 , 312. 


The boiling-point of liquid oxygen varies with the pressure, as 
indicated in the following table : ^ 


VARIATION OF THE BOILING-POINT OF OXYGEN 
WITH THE PRESSURE.2 


Pressure, mm. 

Absolute Boiling-point. 

Hydrogen Scale. 

Helium Scale. 

800 

90-60 

90*70 

760 

90 10 

90-20 

700 

89-33 

80*43 

600 

87-91 

88*01 

500 

86-29 

8G-39 

400 

84-39 

84*49 

300 

82-09 

82*19 

200 

79-07 

79*17 


The vapour pressure rises from 9-096 atm. at —154-91° C. to 49-640 
atm. at —118*70° C.^ 

^ Travers, Senter, and Jaqnerod, Proc. Boy. Soc., 1902, 70 , 484. 

2 Earlier data arc those of Wroblewski and Olszewski, rend,.., 1883, 96 , 1140 ; 

Wroblewski, ihid., 1883, 97 , 1553 ; 1884, 98 , 984; 1885, 100 , 351, 979 ; Estreicber, Phil. 
Mag., 1895, 40 , 458 ; Ladenburg and Kriigel, Ber., 1899, 32 , 18lk 

^ Onnes, Dorsman, and Holst, Proc. K. Akad. Wetensch. Amsterdam, 1915, 17 , 950. 
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The vapour pressure of oxygen at any temperature between 57° 
and 90° abs. may be calculated from the expression 

log -419-31/T+5-2365—0-0648T 

where the pressure jp is expressed in atmospheres, T being the absolute 
temperature.^ 

For p = l atm., the value for T becomes 90-13°, which agrees very 
satisfactorily with the boiling-point under normal pressure as given in 
the preceding table. 


DENSITIES OF LIQUID OXYGEN AT VARIOUS 
TEMPERATURES.2 


Temperature, ® C. 

Density. 

Authority. 

—183-6 

—183-3 

1-1321 

1-1310 

Drugman and Ramsay, Trans. Chem. 
Soc., 1900, 77, 1228. 

—182-5 

—195-5 

—210-5 

1-1181 

1-1700 

1-2386 

Dewar, Proc. Roy. Soc., 1904, 73, 251. 

)> 5> 5J S5 

J3 }> J? 55 

—193-93 

—198-30 

1-203 

1-223 

Inglis and Coates, Trans. Chem. Soc., 
1906, 89, 886. 


When the values obtained by Dewar for the densities are plotted 
against the absolute temperatures, they ai'e seen to lie very closely to a 
straight line, so that the densities at intermediate temperatures can 
readily be calculated. The expression is 

Density=-l-5154--0-004420T 

where T is the absolute temperature. 

Using the data given by Ramsay and Drugman, the specific volume 
of oxygen at —183° C. is 0-8838, and the molecular volume 28-28. 

Baly and Donnan ^ give the data (included in the Table on p. 48). 

When exposed to the air, liquid oxygen absorbs appreciable quantities 
of nitrogen.^ 

Liquid oxygen is more compressible than water, its coefficient of com¬ 
pressibility (see p. 2G2) being 0-00195 between 10 and 20 atmospheres.^ 

The observed surface tension of the liquid is 13-074 dynes per cm.— 
a value in fair agreement with that expected for a liquid of the same 
molecular weight as gaseous oxygen, although the possibility of slight 
association is not excluded.® From other data Inglis and Coates ^ 

^ Gath, Proc. K. Alcad. Wetensch. Amsterdam, 1919, 21 , 656. 

^ Earlier data are those of Cailletet and Hautefeuille, Compt. rend,, 1881, 92 , 1086 ; 
Olszewski, Sitzungsher. K. Alcad. IFiss. Wien, 1884, p. 72 ; Wroblewski, Compt. rend., 1886, 
102 , 1010 ; Dewar, Cliem. News, 1896, 73 , 40 ; Ladenburg and Kriigel, Ber., 1899, 32 , 
46,1415. ^ Baly and Donnan, Trans. CJiem. Soc., 1902, 81 , 907. 

^ Erdmann and Bedford, Ber., 1904, 37 , 1184 and 1432 ; see also Stock, ibid., p. 1432. 

^ Eucken, Ber. deut. physikal. Ges., 1916, 18 , 4. 

® Baly and Donnan, Trans. Ghem. Soc., 1902, 81 , 907 ; Grunmach, Sitzungsher. K. 
Alcad. Berlin, 1906, p. 679. 

Inglis and Coates, Trans. Chem. Soc., 1906, 89 , 886 . 
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conclude that the degree of association of liquid oxygen at about 
—195°C. is 1-09. 


DENSITIES OF LIQUID OXYGEN. 
(Baly and Donnan, 1902.) 


Temperature, 

° Abs. 

Temperature, 

° C. 

Density. 

68-0 

—205 

1-2489 

70-0 

—203 

1-2393 

74-0 

— 199 

1-2200 

78-0 

— 195 

1-2008 

80-0 

— 193 

1-1911 

82-0 

— 191 

1-1815 

86-0 

— 187 

1-1623 

89-0 

— 184 

1-1479 


These densities may be represented by the formula 
d=l-248874—0-00481 (T~6S). 

The specific heat of liquid oxygen between —200° and —183° C. is 
0*347,1 and the heat of evaporation is 51-3 calories per gram at 763 mm. 
pressure,^ its molecular heat of vaporisation being 1599 calories ^ accord¬ 
ing to another computation. Its coefficient of expansion with rise of 
temperature is 0-00157 at —252-6° C. The refractive index for sodium 
light, is 1-2236, and the spectrum absorption similar to that of 
gaseous oxygen.^ 

Liquid oxygen is a non-conductor of electricity ; but it is strongly 
attracted by a magnet.^ It readily absorbs nitrogen from the atmo¬ 
sphere, and can be mixed with liquid lluorino without suffering chemical 
change. The magnetic rotatory powc-r and dispersion have been 
determined.® 

Solid Oxygen.—By rapid evaporation and consequent cooling, or 
by cooling in liquid hydrogen, liquid oxygen can be converted into a 
bluish-white solid of density'^ 1-4256 at —252*5° C. and melting at 
—219° C. under a vapour pressure of 0-9 mna.® The solid exhibits 
allotropy, a, j8, and y forms being recognised. The transition between 
the a and ^ forms occurs at —249-5° C. and between the and y forms 
at —230-5° C.® 

Scheel and Heuse, Sitzungsber. K. Akad. Wiss. Berlin, 191,3, p. 44 ; Alt, Ann. Pliysih, 
1904, [4], 13 , 1010 ; Barschall, Zeitsch. Eleldrochem., lOli, 17 , 345. 

- Alt, Ann. Physik, 1906, [4], 19 , 739. 

^ Eucken, Ber. deut. physikal. Ges., 1916, 18 , 4. 

^ Liveing and Dewar, loc. cit. See also Shaver, Trans. Boy. Soc. Canada, 1921, 
IS, [3], 7. 

^ Tanzler, Ann, Physik, 1907, [4], 24 , 931 ; Onnes and Perrier, Proc. K. Akad. 
Wetensch. Amsterdam, 1910, 12 , 799. 

Chaudier, Compt. rend., 1913, 156 , 1008. 

’ Dewar, Proc. Boy. Soc., 1911, 85 , [A], 589 ; 1904, 73 , [A], 251. 

® Estreicher, physikal. Ghem., 1913, 25 , 432. See also Onnes and Crommelin, 

Proc. K. Akad. Wetensch. Amsterdam, 1911, 14 , 163. 

^ Wahl, Proc. Boy. Soc., 1913, [A], 88 , 61; Eucken, Ber. deut. physikal. Oes., 1916, 

18 , 4, 




CHAPTER IV. 


THE CHEMICAL PROPERTIES OF OXYGEN. 

Oxygen is capable of uniting to form simple compounds with all the 
elements save fluorine and the noble or inert gases. Such combination 
is termed oxidation and can in general be produced by the direct 
union of the two elements, as for example in the oxidation of mercury 
when heated in air, although certain of the non-metals, particularly 
the halogen elements, show little tendency to direct combination in 
this manner. Compounds also are capable of uniting with oxygen, 
sometimes yielding a stable oxidation product of higher molecular 
weight in consequence of addition of one or more atoms of ox^^-gen ; or 
the molecule of the compound may be disrupted upon oxidation into 
two or more products. As an example of the former type of reaction, 
the oxidation of sodium sulphite in aqueous solution may be quoted, 
sodium sulphate resulting. Thus 

2Na2S03 +02=2Na2S04. 

The latter type of reaction is illustrated by acetylene wdiich, when 
ignited, burns in air to form water and carbon dioxide. 

2C gH 2+502=4C0 2+21120. 

Oxidation both of elements and corajoounds may be effected in the 
absence of free oxygen tlirough the action of substances containing 
oxygen. Thus, for example, iron is oxidised by steam and potassium 
])y carbon dioxide at high temperatures. The present section, however, 
is concerned more particularly with oxidation through the direct 
action of free elementary oxygen. 

Most cases of oxidation arc exothermic, tliat is to say they are 
accompanied by tlie evolution of heat, although a few cases are knowm 
which are endothermic in character. Such, for example, are the 
oxidation of water to hydrogen peroxide : 

2 H 2 O+(02)=2ll20oAq. — 23059 calories, 
and the ]n*oduetion of ozone from oxygcni, 

302=20.j—2 X 34000 calorics, 

both of which reactions are accompanied by an absorption of heat. 

It docs not necessarily follow, however, that reactions involving the 
exothermic oxidation of substances arc accompanied by a sensible 
rise in temperature. The rate of oxidation may be so slow that the 
heat is dissipated almost as rapidly as it is liberated, so that the 
VOL. vir. : I. 49 4 
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nv u, t,-.aiH ralinv is inliuitcsimal. This is well illustrated by the 
ii\n .1 Hill .1 HUH u|iuu t \|K>sur(| to air, a reaction commonly known 

as rustiiifi. 

t VrT *. ^1*^**^* with oxygen is often accompanied 

ly thi rapid liht ratuiii ui s<> mucvh energy that heat and light are emitted. 
Ill* tiriii combustion is tium applied. 

Ilia niajoritx o! snhstancc‘s require to be raised in temperature 
iH ittrr tla y ran foinhiHr with oxygen to any appreciable extent. Thus 
t lirtrui\!ir gas a mixture ai tw'o volumes of hydrogen with one of 
e\\grii is \rr\ stabir at tlie ordinary temperature; combination, 
heut \f r, !m Luns tu hr apj>rc‘eiablc at temperatures slightly above 
p )0 t and at liiLdn r tn'nq>t‘raturcs proceeds with explosive violence. 

< hi I In uf hi r hanti, seinr suhstanees rapidly combine with oxygen when 
hnnnjli! info «•en!at•t with tlu* ^as at the ordinary temperature. Such 
luHlirs arr saul to hr Spontaneously oxidisable, and include the 
pyropla»rir nnlals. plmspliorus, eoal dust, nitric oxide, ferrous and 
inanganuus hydroxidt s. lii|uid pliosphinc, silicon hydride, and many 
(ircnnir snhstann \. I ndt r suitable conditions most of these steadily 
risi' m t f inprraf un* as 
a«'rninpanird by iiiild 

combustion, n iaunliar »‘\ani})lc‘ on a large scale being afforded by the 
!inn?i of hay rn-ks. Aiitoxidntion is a term frequently used to designate 
spiMdam »MIS oxidat ion. 

'FIm' ratr of uxidalion of aiiv particular substance is dependent upon 
\ariiMis fai'lors. lo uif. ils own physical condition as well as that of the 
o\\ n : flu pri m imm uf luoisf urc^ or of a catalyscr ; and the application 
of Indil. hi at, and pn ssuix*. T'hus, liquid oxygen does not affect 
pfiosphoins or lilt alkali iindals ; neitheu' does it combine with solid 
nit no o\idi allhoueh a siuall jtd. of burning hydrogen will continue 
tt> burn 1 h lo\\ fla surfma id’ bupiid oxygen, th(‘ water produced being 
r« nio\ ( d . 1 % II I and a <'ojisi<l<Table amount of ozone being formed. 
Snnila['l\ “raphifi and diamond, when one(‘ ignited, will burn on the 
•uifai'* of hpnid tin* carbon dioxide* ])roeluccel being frozen 

pa in » into solution. Oxidation is usually facilitated 
I xh nt by iiier(*asing the superficial area of the sub- 
ol. \\ t-li-knowni illustratiems arc supplied by the 
f tmn. I* n<l, ctex When a solution of phosphorus in 
n ptiun tl on to a. sliced of filter paper, the solvent 
. ka\mu f h(‘ [)lios]:)he)riis within the pores of the 
aoix bme state* of subelivision, so that vigorous 


oxidation proceeds until rapid combustion, 
ensues. This is termed spontaneous 

,,,w orvolrk Vvni-nrv q-I 


am I ' 
bi a 
■J am 


Mm M/i u s 
'( M nad' ra bl* 
to Ih mM' 
p\ riiplii M i‘‘ I(M'li!'■ 
<*ai bt»n dr.niphidi 
rapid!}' < \apuraf 
pa[H r in an r\rt 
ca Mill Ml'J lull I 'lism 
Muis'lnr*' pla\ 
pn M nri' Is m-i'r- 
bnafiun of pxroji 


. an nnportaiil rAle* in many ease*s of oxidation. Its 
sarw for {•xanq)le, to e*ffe.‘ct tlic spontaneous com- 
hour nn tals. At ordinary temperatures, also, the 


nia|orit\ of ni* fills a is stable in <lry e)xygen, although readily attacked 
b\ till moist If as. Small c|uanlitie‘s e)l many loreign substances me 
capabh of i-alah lii*a|{\ assisting the rate of oxidation of certain sub- 
stanms. d'hus a 1 rarh of platinum black introeluced into electrolytic 
inns nauMs tlir ‘sim s lo instantly unite with explosive violence; and 
Jha passafg- of a inixiuiv (d* sulplnir dioxide and oxygen over platinised 
asbrsfos I flrrls flu IT imiou to Form sulphur trioxide. 


‘ limvai . cA.m. .Vor . ISUC, 73. 40 ; Proc, Chein. Soc., 1895, ii, 221. 
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Light frequently exerts a considerable influence on the rate of 
oxidation ; ^ thus phosphorus trichloride when illuminated undergoes 
more rapid conversion into the oxychloride “ than in the dark ; and iron 
likewise corrodes more rapidly in similar circumstances. Oxidation 
may be catalytically accelerated by radio-active substances. Thus 
thorium-X has been found ^ to assist the oxidation of adrenaline and 
morphine. 

Many metals on being heated in dry air or oxygen yield an adhering 
coat of oxide which tends to protect the underlying metal from attaek. 
The rate at which oxidation proceeds at any temperature is given by 
the expression ^ 

e==ae^y-a, 

where a is a constant independent of the temperature; Z? is a 
constant depending on the temj^eraturc and on the delay of film 
thickening during time 6, y is the thickness of the oxide layer. 

The time required for a visible film of oxide to form on the surface 
of some of the more eommon metals at 15° C. has been calculated to be 
as follows: 


Metal. 

Time in Years. 

Initial Velocity of 
Oxidation. 

Thickness of layer ////, 
per second. 

Lead 

90 

219 

Zinc 

.31X102 

104 

Gop])er 

6 x 108 

89 

Tin 

.36x108 

856 

Iron 

25 X10^’ 

2712 

Nickel 

475x101^’ 

146 


Oxidation processes are, as a general rule, greatly accelerated by a 
rise in temperature ; the first effect of the ap])lieation of heat may be 
merely to initiate a slow oxidation which soon ceases on the removal 
of the source of heat ; but a liigher temperature may cause so marked an 
increase in the rat(‘ of tlie chcn:ucal action that the heat produced 
siilliec^s to maintain the temperature, and the oxidation or combustion 
will proceed unaided. This temperature at which the process of rapid 
combustion becomes indc'pendent of external siip})lies of heat is termed 
the ignition temperature of the substance (see p. 106). Phosphorus 
does not commence rapid combustion until a tcm])eraturc of 60° C. is 
attained ; hydrogen will combine, albeit excessivc'ly slowly, with 
oxygen already at 180° C., but the reaction is not very ai^prcciablc 
below 400° C., and continuous inflammation does not occur until near 

^ See Schevezoff, J. Russ. Pliys. Chem. Soc., 191.0, 42, 219. 

2 Besson, Com'pt. rend., 1895, 121, 125. 

^ Lemay and Jaloustre, Compt. rend., 1922, 174, 171 ; 1921, 173, 916. 

^ Tammann and Kdster, Zeitsch. anorg. Chem., 1922, 123, 19G. These results apply 
only to dry air, and are not comparable with those for the slow oxidation of metals in 
the presence of water. See p. 55. 
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530° C. ; a red-hot glass rod will cause the ignition ol‘ carbon disulphide 
vapour, but not of ether \'a])oiir. 

B}" flame is generally understood a, mass ot‘ gas raised to iiican- 
deseence. Flame is produced only in those* cases o{ cond>ustiou in 
which gases or vapours are present, wliicli l)t‘Conu* more or less luminous 
or incandescent on account of their high temperature. But a visi])le 
flame does not always accompany rapid gaseous (*oml)ustion, a striking 
exception being afforded by the rapid oxidation ol liydrog(‘n or coal-gas 
mixed with air on a surface of platiiVised asbc‘stos or ])orous firebrick. 
Such combustion is termed surface combustion, and is utilised com¬ 
mercially in a variety of ways. 

Pressure exerts an important influence u})on tlu^ rate* of oxidation. 
Thus silicon, ethane, phosphorus, arsenic, and several otlu-r substances, 
arc foiind to oxidise more readily at low oxygen pressure's : on the* other 
hand, the rates of the rusting of iron and the oxidation of ferrous suljdiate 
solution are accelerated by increase of pressure. 

Active Oxygen. —It is possi])le to ])re])ar(‘ an actix'c* 1‘orm of oxygen 
analogous to active nitrogen by subjecting the dry, ozon(‘-frt‘(* gas to the 
influence of an electric discharge. It yields a weak, l)Iuish-gr(‘(‘n after¬ 
glow, which is less persistent than that of hydrogen. Wlieu mix(*d with 
active nitrogen, this active oxygen yields oxides of nitrogc*n. Both 
oxygen and ozone are unaffected by active nitrogen. Hence active 
oxygen is different from these, but is eapa])le of existing foi* only a short 
time.^ 

OXIDATION. 

A few elements yield oxides only with diflieulty, and such oxides arc 
frequently unstable at high temperatures. For i‘xam pl(‘, wlaai platinum 
foil or sponge is heated in dry oxygen, the monoxide, IHO, is produced as 
a superficial blackening. At higher tcnipc'raturf/s, howeivt^r, this oxide 
dissociates to metallic platinum and free oxyg(‘n.“ (iold (‘annot be 
oxidised directly by gaseous oxygen, although sevca^al oxieh's (*an be 
prepared by decomposition of (*ompounds eonfa-ining gold atoms in 
their molecules.^ 

Fluorine appears quite incapable of yielding an oxide nndc'r any 
conditions.^ 

Types of Oxides. —When oxygen combines with jin <‘I(*nu‘nt, the 
resulting product is termed an oxide. 

The oxides of the various (‘lements show marked dilTerenees in their 
chemical behaviour towards water and also towards a(*i(ls. Thc'sc 
differences form a convenient basis for tin* elassilieation of the 
oxides. 

1. Basic Oxides, —It is characteristic of the nu^tallie c'lcnu'nts that 
each forms at least one oxide which will react witli acids |)ro(lueing salts, 
the valency of the metal remaining unaltered. Siieli oxidi s art* t(*rm(;d 
basic oxides or sometimes merely bases. Somc^ nic‘tals yit‘ld more 
than one oxide, and it is then generally obscr\^ed that tlu* oxide richer 
in oxygen possesses a more feebly basic character. In the* cixhc. of the 
most electro-positive metals, for examine the alkali metals, the oxides 
will combine with water, producing soluble hydroxides wliieh are strongly 


^ Koenig and Elod, Bar., 1914, 47 , 51G. 
2 See this series, Vol. II. 


2 Sec this series, Vol. IX., Part I. 

^ Huff and Zedner, Ber., 1909, 42 , 1037. 
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alkaline, and in fact constitute the typical alkalies; the less electro¬ 
positive the metal, the smaller the tendency of the oxide to combine 
with water, and the greater the tendency of the hydroxide, which can 
then generally be obtained by precipitation methods, to eliminate 
water with formation of the oxide. 

The suggestion has been made ^ that the hydrates of the metals of 
Groups I. and II. do not contain hydroxyl groups, but are true hydrates 
of the corresponding oxides. In other words, molecules of water are 
assumed to be associated with the metallic oxide in a similar manner to 
the so-called water of crystallisation of salts. Thus sodium hydroxide 
would be written NagO. HgO, and not as NaOH. The constitutions 
of the hydroxides of Groups III. and IV. mil depend, according to this 
theory, upon the electrochemical conditions under which they are 
produced. Thus A 1 ( 0 H )3 and AI 2 O 3 . H 2 O+ 2 H 2 O are both regarded 
as capable of existing. The hydroxides of the metalloids and non- 
metals—the acidic oxides (see 2 below)—are true hydroxides containing 
hydroxyl groups. 

2 . Acidic oxides, often termed acid anhydrides, are generally derived 
from the non-metals, but may also be higher oxides of certain of the 
metals. It is characteristic of such oxides that they combine with 
water, producing hydroxides, which are acids. Unlike the basic oxides, an 
acidic oxide rarely adds sufficient water to convert all its oxygen atoms 
into hydroxyl groups, e.g. 

S03->S02(0H)2, N205->2N02(0H), Mn207-^2Mn03(0H). 

It is, however, sometimes possible to prepare organic derivatives of the 
completely hydroxylatcd (often termed “ ortho- ”) acids ; thus although 
the aqueous solution of carbon dioxide appears to contain no other acid 
than an unstable one of the formula CO (OH) 2 , ethyl ortho-carbonate, 
C(OEt) 4 , is known, corresponding with the hypothetical ortho-carbonic 
acid, C( 0 H) 4 . 

3. Mixed Oxides. —In some cases so-called mixed acidic oxides are 
known which combine with water, producing a mixture of two acids ; 
nitrogen tetroxide is an example of this class, as also is chlorine dioxide—' 

N2O4 +IT0O=ITN 02 +HNO3. 

Some basic oxides behave as mixed oxides, yielding with acids two 
salts derived from the constituent oxides, e.g. magnetic oxide of iron 
yields a ferrous and a ferric salt. A few oxides may be regarded as a 
special class of “ mixed ” basic oxides or as salts derived from a basic 
and acidic oxide of the metal according to the point of view ; thus red 
lead and lead sesquioxide behave as feeble compounds of lead monoxide 
and lead dioxide ( 2 Pb 0 .Pb 02 ; PbO.PbOg), and chromium dioxide 
(Cr 02 ) as a compound of chromic oxide with chromic anhydride 
(Cr 203 .Cr 03 ). 

4. There is yet a small class of oxides, the neutral oxides, which do 
not belong to any of the classes before named ; they do not combine 
with water to form acids, nor do they neutralise acids. This class has 
tended steadily to decrease as chemical knowledge has extended. 
Carbon monoxide, nitrous oxide, and nitric oxide were once included 
in this class, but each of these can be obtained by the loss of the elements 

1 Tiemann, Chem. Zeit., 1921, 45 , 1125. 
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of water from a corresponding acid, so that in a wide sense they might 
be classed with the acidic oxides. Hydrogen peroxide, on account of 
its relationship with the peroxides, can hardly in the strictest sense 
represent a neutral oxide, and the only common oxide which may be 
regarded as representing this class is water ; this must be, in its total 
behaviour, a neutral oxide, because, as the formula H. OH indicates, 
any tendency to acidic properties must be accompanied by an equal 
tendency towards basic properties. 

It is worthy of note that, although the behaviour is by no means 
general, many oxides give indications that they are polymerised, i,e. that 
their simple molecules have combined together in certain numbers to 
form more complex aggregates. Water is a well-recognised example. 
The high melting-points of certain other oxides, e,g, silica and stannic 
oxide, is also attributed by some to this cause. 

5. Amphoteric oxides are capable of functioning either as acidic or as 
basic oxides. Thus tin dioxide, Sn 02 , functions as a basic oxide in 
stannic sulphate, 811 ( 804 ) 2 , but as an acidic oxide in sodium a stannate, 
Na 281103 . Lead dioxide yields the tetrachloride, PbCl 4 , and sodium 
metaplumbate, NagPbOg, respectively. Similarly aluminium oxide, 
AI 2 O 3 , yields the trichloride, AICI 3 , and” the aluminate Na 2 Al 204 . 

6 . Suhoxide§ are of frequent occurrence amongst the metals, but are 
less well known amongst non-metals. The element combined with the 
oxygen is admittedly unsaturated. Thus when lead is gently heated a 
little below its melting-point, the suboxidc Pb 20 is formed.^ In the 
case of nickel,^ three suboxides, Ni^O, Ni 30 , Ni 20 , have been postulated. 
One of the best known non-metallic suboxidcs is that of carbon, C 3 O 2 . 

7. Dioxides contain two atoms of oxygen combined with usually one 
atom of the metal. They usually yield up a portion of their combined 
oxygen with relative ease, but are distinguished from isomeric peroxides 
in that they do not yield hydrogen peroxide on treatment with dilute 
acids. Familiar examples are manganese dioxide, Mn 02 ; lead dioxide, 
Pb 02 ; and nickel dioxide, Ni 02 —usually incorrectly referred to as 
Ni 203 in the literature. 

Marino ^ has directed attention to the fact that sulphur dioxide and 
manganese dioxide react, yielding the dithionate : 

2SO 2 +MnO 2 =MiiS gOc, 

whilst lead dioxide yields a mixture of sulphite and sulphate : 

S02+Pb02==PbS03+0; 

1120+802+0=112804 ; 

PbS03+H2S04=PbS04+Il20+S02. 

He therefore suggests that the structural formulai of these oxides are 


respectively. 

8 . Peroxides ^ 


Mnf and PbT I 

are frequently isomeric with dioxides, but in acid 


■ 1 See this series, Vol. V. 2 See this series, Vol. IX., Part I. 

^ Marino, Zeitscfi. anorg. Chem., 1907, 56 , 233. 

4 See Tanatar, Ber., 1903, 36 , 1893 ; 1914, 47 , 87 ; Riesenfeld and Mau, Ber., 1911, 44 , 
3589; Tubandt and Riedel, ibid., p. 2565 ; PeUini and Meneghini, Zeitsch. aiiorg. Ghem., 
1908, 60 , 178; Antropoff, J. prakt. Chem., 1908, 77 , 273. 
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solution react like hydrogen peroxide. Sodium peroxide, Na202, is a 
typical example. The peroxides of divalent metals are usually regarded 
as having a cyclic structure. Thus nickel peroxide, obtained by the 
action of hydrogen peroxide upon the well-cooled hydroxide, Ni{OH) 2 , 
is written as 

Ni< I a?. H 2 O. 

Other peroxides are those of manganese and mercury, obtained in an 
analogous manner to the above. Sometimes these oxides are kno\vn 
as peroxydates. 


SLOW OXIDATION. 

In 1858 Schonbein noticed that when many substances were exposed 
to atmospheric oxidation, the oxidisable material appeared to combine 
with half a molecule of oxygen, leaving the other half in the form of 
hydrogen peroxide or ozone. This is well exemplified by the corrosion 
of many non-ferrous metals, such as lead and zinc. When lead, mixed 
with mercury, is shaken with dilute sulphuric acid in the presence of 
air or oxygen, lead sulphate is formed, together with some hydrogen 
peroxide. The amount of the latter is readily ascertained by titration 
of a portion of the liquid with permanganate, and the quantity of 
sulphuric acid involved is estimated by titration with alkali. It is then 
found that the amount of peroxide formed is equivalent to that of the 
lead dissolved. Thus 

Pb-fH 2 S 0 ,+ 02 =Pb 0 . S03+HA» 

half of the oxygen molecule combining with the lead, and half with the 
liberated water. 

Schonbein pointed out that this was capable of exj^lanation on 
Brodie’s assumption ^ that the oxygen molecule consists of a positive 
atom united to a negative atom—a revival of the Berzelian dualistic 
conception. The positive atom was termed antozone, and the negative 
ozone, so that upon oxidation the resulting oxides were termed anto- 
zonides and ozonides respectively—^tcrms that at the present time 
would, if employed, be most confusing. 

In contact with oxygen, therefore, metaHic lead would tend to unite 
with the negative or ozone atom, and water with antozone. Thus 

Pb+0 : O+H.O-PbO+H^Oa 

— Lead Water 

ozonide. antozonide. 

Such a theory, however, could not long prevail, for there is no direct 
experimental evidence whatever in favour of the assumption that one 
atom of oxygen in the molecule is different from another. This was 
urged by Hoppc-Seyler,^ who in 1878 suggested that during oxidation of 
a substance one atom from the oxygen molecule is liberated in the 
nascent condition, and is thus free to oxidise any second substance 

1 Brodie, Phil. Trans., 1850, 141 , 759 ; 1862, 151 , 837 ; 1863, 152 , 407 ; Proc. Roy. 
Soc., 1858, 9 , 361 ; 1861, ii, 442 ; J. Ghem. Soc., 1852, 9 , 194 ; 1855, 7 , 304 ; 1863, 16 , 
316; 1864, 17 , 266, 281. 

2 Hoppe-Seyler, Zeitsch. physiol. Chem., 1878, 2 , 22 ; Ber., 1883, 16 , 117. 
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that may be present. This theory may be represented schematically 
as follows : 

Pb+0 : 0=Pb0+0 : 

Nascent. 

H 2 O+ : 0=H20,. 

Traube’s theory was a considerable advance on both of the fore¬ 
going views. As the result of a large number of experiments Traube ^ 
was led to the conclusion that dry oxygen does not combine with any 
substance at the ordinary temperature. Although this is a sweeping 
assertion to make, as is shown in the sequel (see p. 285), there is a con¬ 
siderable amount of evidence in favour of its being generally true. 
Such being the case, it seemed reasonable to suppose that the water 
and oxygen must act simultaneously in cases of oxidation, and not in 
series as Hoppe-Seyler’s views would require. 

Traube therefore concluded that it is the water molecule that yields 
its oxygen to the metal (or substance) undergoing oxidation, the 
hydrogen thus liberated being simultaneously oxidised by a whole 
molecule of atmospheric oxygen yielding the peroxide. Thus, in 
the case of the lead already referred to, oxidation proceeds as follows : 

Pb+0; H^+Os^PbO'^'+H^O^. 

The hydrogen peroxide does not accumulate unless the experimental 
conditions are specially arranged for its preservation, since 

Pb +H202=Pb0 +H 2 O. 

It follows from this theory that hydrogen jDeroxide is to be regarded 
as a reduction product of the oxygen molecule, and not as an oxidation 
product of the water molecule. Such a conception, though funda¬ 
mentally different, was not entirely new. Weltzien - had already in 
1860 suggested the same idea, and it receives support, Traube points 
out, from the heat liberated when hydrogen peroxide is decomposed. 
For if hydrogen peroxide were produced by the oxidation of water, 
already formed, an absorption of heat would be expected upon 
decomposition. 

A modification of Traube’s theory was introduced simultaneously 
in 1897 by Bach ^ and by Engler and Wild,^ who laid emphasis on 
Traube’s idea that the oxygen molecule combines as a whole, but 
extended its jDOwers of combination to other substances than nascent 
hydrogen. In supjoort of this, it was pointed out that sodium will burn 
on an aluminium plate to the peroxide, NagOg, whilst rubidium is 
almost quantitatively converted into the peroxide, RbOg, in a similar 
manner.^ 

Probably all of these theories possess an element of truth ; against 
each of them some objection may be raised ; there is yet room for some 
comprehensive explanation which shall remove all difficulties. 

1 Traube, Ber., 1882, 15 , 659, 2325, 2421, 2824 ; 1883, 16 ,1201 ; 1885, 18 , 1877, 1887. 

* Actually 2PbO. HgO is formed, but the water of hydration is omitted for simplification. 

^ Weltzien, Annalen, 1860, 115 , 121 ; 1866, 138 , 129. 

^ Bach, Compt. rend., 1897, 124 , 951. 

^ Engler and Wild, Ber., 1897, 30 , 1669. 

^ Erdmann and Kothner, Annalen, 1897, 294 , 66 . 
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The solution of gold in potassium cyanide solution in the presence of 
air is believed by Bodlander to proceed as follows : ^ 

2Au+4KCN+0 o+ 2 H 2 O=2KAu(CN) 2+2KOH+H.0 , ; 

4KCN+H202+2Au=2KAu(CN)2+2K0H. 

The Activation of Oxygen in Slow Oxidation. —The spontaneous 
oxidation of a substance at ordinary temperatures is often termed 
autoxidation (see p, 50). It frequently happens that during autoxida- 
tion processes other substances, which may be present and which are 
themselves stable in air, become oxidised. This suggests that a part of 
the oxygen in the system has become specially reactive or activated, 
and the stable substance is said to have been oxidised by induction.'^ 
An interesting example is afforded in sodium sulphite which, in solution, 
is slowly oxidised to sulphate. An aqueous solution of sodium arsenite, 
NagAsOg, on the other hand, is stable in air. If, howev^er, the two 
solutions are mixed and shaken in air, both salts undergo oxidation. 
The oxygen is termed the actor ; the sodium sulphite, which induces 
the oxidation of its companion, the inductor ; and the arsenite, which 
accepts oxidation, is the acceptor. The ratio 

Amount of acceptor oxidised t t ^ 

-r-;—jr:—r-i--——i—Inductiou fuctor. 

Amount of inductor oxidised 

The experiment may be varied by passing a current of air or oxygen 
through a suspension of nickel hydroxide to which small quantities of 
sodium sulphite solution are periodically added. This not only effects 
the oxidation of the sulphite, but also converts bhe nickel hydroxide 
into black iiickelic oxide, a change which is not producible by oxygen 
only.^ 

Many other examples might be instanced. 

Thus, if a piece of hydrogenised palladium is immersed in a solution 
coloured with indigo, and air or oxygen allowed to bubble through, the 
colouring matter is oxidised, the solution being bleached. In a similar 
manner iodine is liberated from potassium iodide and may undergo 
further oxidation to iodic acid ; even nitrogen gradually undergoes 
conversion into ammonium nitrite ^; whilst carbon monoxide is 
partially converted into the dioxide.^ The last-named reaction is also 
induced by the slow oxidation of moist, yellow phosphorus.® 

According to Traube’s theory, the first-named reaction proceeds as 
follows : 

NagSOg-fOHa+Oo^NaaSO^+H.Oa. 


>• Bodliinder, Zeitsch. angew. Ghem., 1896, p. 583. See also Watts, Chain. Met. Eng., 
1918, 19 , 652 ; Crowe, ibid., p. 283. 

- Ostwald {Zeitsch. gihysiJcal. Cheni.. 1900, 34 , 248) suggested the term coujEed reaction ; 
Mellor {Chemical Statics and Dynamics (Longmans, 1904, p. 333)) speaks of sympathetic 
reactions ; the usual term of induced reaction is adopted in this work. 

^ Haber, Zeitsch. physilcal. Chem., 1900, 35 , 84. 

1 Hoppe-Seyler, Bar., 1879, 12 , 1551; 1883, 16 , 1917; 1889, 20 , 2215; Zeitsch. 
physiol. Chem., 1886, 10 , 35. 

^ Baumann, Zeitsch. physiol. Chem., 1881, 5 , 244. 

® Leeds, Chem. News, 1883, 48 , 25 ; Baumann, Ber., 1883, 16 , 2146 ; 1884, 17 , 283 ; 
Zeitsch, physiol. Chem., 1881, 5 , 250 ; W. A. Jones. Amer. Chem. J., 1903, 30 , 40 ; Russell, 
Trans. Chem. Soc., 1903, 83 , 1263. It was disputed by Remsen and Keiser, Ber., 1884, 17 , 
83; Amer. Chem. J., 1883, 4 , 454. 
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This is the 'primary action, followed immediately by the secondary, 
induced, or sympathetic reaction : 

NagAsOg+H 202 =Na 3 As 04 +H 2 O. 

The explanation offered by Bach and Engler’s theory is clearly 

Na 2 S 03 + 0 o=Na.S 05 ; 

Na 2 S 05 -hNa 3 As 03 =Na 2 S 6 ,+Na 3 As 04 . 

From many points of view this latter explanation is the more 
acceptable. It is applicable in many cases of oxidation amongst 
organic compounds. 

The commonest example in all probability is that of turpentine ; 
this by slow oxidation, caused by a stream of air or of oxygen in the 
presence of moisture, is converted into a “ peroxidised ” product, which 
on account of its oxidising poAver possesses marked disinfectant pro¬ 
perties and forms the basis of the Sanitas disinfectants. In some cases 
the primary peroxide product can be isolated in a pure condition; thus 
benzaldehyde, CglTs. CHO, readily undergoes atmospheric oxidation to 
benzoic acid, CeH 5 .C 02 H, the primary product probably being per- 
benzoic acid, Cells • CO 3 H, a relatively unstable substance which, on 
account of its tendency to decompose into benzoic acid, is capable of 
oxidising other substances which may be present. In the absence of any 
foreign substance, the perbenzoic acid oxidises a remaining molecule of 
benzaldehyde so that the autoxidation of benzaldehyde may be written 

02 

2 C 6 H 5 . CHO-^CeHs • COgH+CeHs • CHO->2C6H5 • CO^H. 

Peihenzoic acid has been isolated and its characteristics are in accord 
with the requirements of the above explanation.^ 

There has been discovered in the tissues of animals and plants a 
class of complex organic compounds, termed ferments or enzymes, which 
arc capable of exerting marked catalytic influence on certain chemical 
reactions. Some of these substances are catalytically active towards 
oxidation processes by the atmosphere, and these bodies are frequently 
distinguished by the term oxydases. Oxydases are widely distributed, 
and the discoloration of the freshly-broken surface of some fruit is to be 
referred to atmospheric oxidation induced or aided by an oxydase. 
Alcoholic tincture of guaiacum resin in the presence of an oxydase 
undergoes oxidation by free oxygen with formation of a blue coloration, 
and so proAudes a convenient reagent for the identification of this type 
of substance.^ Manganese, and also iron compounds, are frequently 
present in these oxydases, and it appears probable that in some cases 
one of these metals, if not both, actually plays an important part in the 
catalytic process.^ In some cases, however, compounds of these metals 
are absent, so that in such oxydases the activating effect aj^pears to 
be characteristic of the organic enzyme itself.^ 

These oxydases are not obtainable as pure substances, and it is quite 

^ Baeyer and Villiger, Ber., 1900, 33 , 1509. 

2 Bertrand, Bull. Soc. cliim., 1894, [3], ii, 717 ; 1895, 13 , 361, 1095 ; 1896, 15 , 793. 

^ Bertrand, ibid., 1897, [3], 17 , 619; Villiers, ibid., [3], 17 , 675; Dony-Henault 
and others. Bull. Acad. roy. Belg., 1907, p. 537 ; 1908, p. 105 ; 1909, p. 342. 

^ Bach, Bar,, 1910, 43 , 364, 366; Arch. Sci. 'phys. nat., 1910, [ 4 ], 30 , 162. 
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tliat, at least in some cases, they consist of a mixture of two 
ids, one capable of producing hydrogen peroxide or some other 
, and the other capable of imparting activity to the peroxide ; 
r substance may therefore be more strictly termed a peroxydase,^ 
‘en also undergoes activation when exposed to ultraviolet radia- 
effect in this case being probably due to the formation of ozone, 
form the element attacks substances which are unattacked by 
oxygen (see p. 51). The radiations from radium ^ and radium 
:)ii. ^ also appear to elfect an activation of oxygen towards such 
Gs as hydrogen, although the observed activity may not be due 
to the oxygen, inasmuch as hydrogen is itself activated by 
'adiations yielding the unstable triatomic molecule, 

SELECTIVE OXIDATION. 

.1 a mixture of oxidisable substances is so treated that certain 
ui.stituents only are oxidised to the more or less complete exclu- 
:tie remainder, the process is known as selective oxidation, 
of gaseous combustible mixtures, the jDassage over a catalyst 
ly effects the selective combustion of one constituent. Thus, 
nple, when a mixture of oxygen, hydrogen, carbon monoxide, 
5 , and nitrogen is passed over spongy platinum at 177° C. the 
a and carbon monoxide are oxidised, but not the methane.^ 
canned selective oxidation, and is the basis of ITempers method ® 
''sing certain gaseous mixtures. The selective oxidatioji of 
monoxide in excess of hydrogen by passage over catalysts at 
temperatures has been studied by llideal,'^ who shows that the 
copper (operative at 110 ° C.) and the oxides of iron and 
ixx (operative at 250° to 350° C.) are active in inducing the 
IX of the monoxide, although in no case is the selective oxidation 
e. Thus, for example, when mixtures of carbon monoxide, 
1 X 5 and oxygen, in the proportions 9, 14, and 77 per cent, respcc- 
verc passed through iron oxide catalyst at 220 ° C., the mean 
r the ratio of monoxide to hydrogen burnt was 

CO/Il2=4-32, 

the preponderating proportion of hydrogen in the original 

L'atcs of oxidation of the two gases between 100 ° and 400° C. 
lected with their partial pressures by the following expression : 

dCildC2_j^ (^C)) 

“"S'/”^“‘^^(H2)(02)i 

1 and C 2 are the concentrations of carbon monoxide and hydrogen 
wely in the original mixture, K being a constant. 

'action of temperature effects a decrease in the apparent selective 
ex of the reaction, more hydrogen in proportion being oxidised, 
iat and Bach, Ber., 1903, 36 , 606. 

gert, ibid.y 1913, 46 , 815; Lind, Amer. Chetn. J., 1912, 47 , 397; Davis and 
Jf. Soc. Che»L hid., 1905, 24 , 266 ; Jorissen and Ringer, Ber., 1906, 39 , 2093. 
lei'on and Ramsay, Trans. Cheni. Soc., 1908, 93 , 971. 
id-t and Landauer, J. Amer. Chem. Soc., 1920, 42 , 930. 
ry. Annals of Philosophy, 1825, 25 , 422. 
apel, Ber., 1879, 2 , 1006. 

3 al, Analyst, 1919, 44 , 89 ; Trans. Ghem. Soc., 1919, 115 , 993. 
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Up to the present, reactions of this type have not been very thoroughly 
studied,^ but would appear to offer a useful field for fruitful research. 

An interesting case of selective oxidation in solution is given by 
Jones,^ who has studied the absorption spectrum of a solution of 
uranous bromide in a mixture of water and methyl alcohol. Addition of 
potassium perchlorate effects an alteration in the absorption bands in 
such a manner as to show that the portion of the uranous salt combined 
with the methyl alcohol has undergone no change, whilst that united 
with the water has become oxidised. 

COMBUSTION. 

Combustion lias already been defined in a restricted sense as oxidation 
proceeding with such vigour and the liberation of so much energy, that 
heat and light are emitted. The term combustion is now applied 
broadly to any reactions in which heat and light are evolved, irrespective 
of whether or not oxygen is present. Thus it is correct to speak of the 
combustion of hydrogen in chlorine, of phosphorus in bromine, or of 
copper in sulphur vapour. But owing to the fact that our atmosphere 
contains large supplies of oxygen, it is evident that by far the greatest 
number of examples of combustion in ordinary occurrence are due to 
oxidation. Combustion implies chemical change ; it does not include 
such purely physical phenomena as occur, for example, when electric 
discharges are passed through Geissler tubes. 

If oxidation is accompanied by the evolution of a small amount of 
heat only, and no light, it is frequently termed slow combustion. 
The term is not altogether an appropriate one, for although in most 
cases the oxidations referred to may be really slow, this is not 
always the case. A familiar example is afforded by nitric oxide, 
which readily combines with oxygen to yield the peroxide. The 
reaction is rapid and exothermic, a marked rise in temperature being 
observable. 

2 (NO) + (0o) = (N 2 O 4 ) +40,500 calories. 

A pretty lecture experiment consists in admitting oxygen to a large 
glass bell jar filled with nitric oxide, and containing the bulb of an air 
thermoscope. As the brown fumes are formed, the thermoscope 
registers a sharp rise in temperature. 

Accepting, however, the extended use of the word “ slow ” in this 
connection, the reaction may be described as a good example of slow 
combustion. The term slow combustion is usually limited to cases of 
oxidation. Thus, for example, the slaking of lime is accompanied by 
considerable heat evolution: 

[CaO]+Aq.=CaO . Aq.+18,330 calories. 

Such a reaction, however, is not generally regarded as an example 
of slow combustion. Slow combustion is usually facilitated by the 
presence of a solid j^hase which may be the combustible substance 
itself—as in the case of phosj)horus—or even an inert substance, such as 

^ See also Richardt, Zeitsch. aiiorg. Chem., 1904, 38 , 65; Lamb, Scabone, and Edgar, 
7. Amer, Cliem. 80 c., 1922, 44 , 738. 

2 Jones and Strong, Amer. Chem. J., 1911, 45 , 36. 
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elain, when the combustibles are gaseous only. This is well illus- 
id in the slow combustion of hydrogen^ which is dealt with in the 
el. When slow combustion is accompanied by decided luminosity 
termed phosphorescence. The term luminescence includes all 
s of light emission whether purely physical, as in Geissler tubes, or 
i.ical. But the term phosphorescence is conveniently restricted to 
'lical luminosity. It is not an exceptional phenomenon,^ but an 
•mediate stage between typical slow and rapid combustion. The 
known example, of course, is that of phosphorus ; but under 
tble conditions sulphur, arsenic, and many other substances may be 
wed to phosphoresce. The reason why it is so obvious in the case 
tBosphorus lies in the fact that its phosphorescent temperature 
'val ranges from 7° to 60° C., and thus includes ordinary atmospheric 
Deratures south of the Arctic Circle. At 60° C. phosphorus catches 
or ignites—in other words, phosphorescence has culminated in 
d combustion. 

Tad Europe possessed an Arctic climate with a maximum tempera- 
below 7° C., it is possible that the discovery of the phosphorescence 
►Bosphorus might have been long delayed. Upon ignition with 
^hted taper the phosphorescent temperature interval would have 
L so rapidly passed that the phenomenon would not ordinarily be 
rved. 

i^hosphorescence, therefore, is a frequent accompaniment of slow 
ation. It does not necessarily imply incomplete combustion. In 
case of sulphur, for example, sulphur dioxide is produced just as 
tpid combustion, but ozone is produced if the temperature is of the 
of 200° C.2 

rhe Slow Combustion of Hydrogen.—Owing partly to its 
iliarity, and partly to the ease with which it can be obtained in 
Lghly pure condition, electrolytic gas has been studied by many 
stigators from the point of view of slow combustion, 
hi 1803 Hooke ^ observed that if the gas is allowed to stand for 
e months in the presence of water, the dissolved hydrogen and 
gen enter into combination. This has been confirmed by Marcacci ^ 
lore recent years. 

Che presence of colloidal platinum in water in contact with electro- 
5 gas accelerates the reaction,^ the rate of formation of water being 
>ortional to the concentration .of the platinum and the pressure 
the rate of solution) of the gases.® Many other surfaces also 
derate the reaction.'^ 

[t has further been shown ^ that in the course of several months a 
turc of hydrogen and oxygen when moist and exposed to daylight 
vs signs of chemical combination, although the action is inappreciable 
ng the course of an ordinary experiment. 

[f the temperature is raised slightly in contact with certain metals. 

See Smithells, B.A. Reports, 1907, 77 , 469 ; Perkin, Trans. Chem. 80 c., 1882, 41 , 363. 
Tlocli, Compt. rend., 1909, 148 , 782. 

Hooke, Nicholson's J., 1803, 5 , 228. 

Marcacci, Atti R. Accad. Lincei, 1902, [5], ii, i., 324. 

See Paal and Schwarz, J. praJet. Ghem., 1916, 93 , 106. 

Ernst, Zeitsch. physikal. Ghem., 1901, 37 , 44k 

Hofmann and Ebert, Ber., 1916, 49 , 2369 ; Paal and Hartmann, J. prakt. Ghem., 
, 80 , 337. 

Haker, Trans, Ghem. 80 c., 1902, 81 , 400. 
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such as platinum, the rate of union of the gases is greatly accelerated. 
Thus, compact platinum acts at 50° C., the gases combining with 
measurable velocity.^ Finely divided silver acts at 150° C., thin gold 
leaf at 260® C., and even fragments of non-metallic bodies such as 
charcoal, pumice, porcelain, quartz, and glass are active at temperatures 
below 350° C.^ Angular pieces of glass are found to be more efficient 
than glass balls of equal superficial area. 

Such being the case, it is clear that the walls of a containing vessel 
may exert an enormous influence upon the slow combustion of its gaseous 
contents. This is evidenced by the very varying results obtained for 
the lowest temperatures at which hydrogen and oxygen have been 
observed to unite with measurable velocity when heated in glass vessels. 
Thus, Bone and Wheeler ^ kept electrolytic gas in seven different 
glass bulbs at 350° C. for several days, and found no combination had 
taken place in six of them after one week, although in the case of the 
seventh bulb, in which the glass had become devitrified at one end, 
the presence of water could be detected. At 400° C. no change was 
observable in three bulbs, but after a week one of the bulbs contained 
water, although the other two were apparently unchanged. 

These results clearly indicate the influence of the glass, and it is 
interesting to compare them with those reached by Meyer and Raum,^ 
who obtained evidence of combination at considerably lower tempera¬ 
tures than the above. Their results were as follow : 


COMBINATION OF ELECTROLYTIC GAS. 

(Meyer and Raum, 1895.) 


Temperature, ° C. 

Period (days). 

Remarks. 

100 

218 

No combination. 

300 

65 

Water detected. 

350 

5 

J5 J J 

448 

* • 

Slow combination. 


Clearly the temperature of 400° C. may be regarded as the border-line 
temperature of the slow combustion of electrolytic gas. 

These data, however, are merely qualitative in character. In 1906 
Bone and Wheeler ^ published the results of a very thorough quantitative 
investigation of the reaction at about 450° C. in the presence of several 
different types of catalysers. These were as follow : 

(a) Refractory acidic oxide—porcelain. 

(b) A basic refractory—magnesite. 

(c) Easily reducible oxides—oxides of copper, iron, and nickel. 

(d) Compact metals—gold, nickel, platinum, and silver. 

^ Erman, Abhandl. Akad. Wiss. Berlin, 1818-1819, p. 368. 

2 Dulong and Thenard, Ann. CMm. Phys., 1823, 23 , 440 ; 1823, 24 , 380. 

^ Bone and Wheeler, Trans. Chem. Soc., 1902, 81 , 535. 

^ Meyer and Ranm, Ber., 1895, 28 , 2804. See also Briner, J. CUm. pJiys., 1912, 
10 . 129. 

^ Bone and Wheeler, Phil. Trans., 1906, [A], 206 , 1 . 
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The catalyst chosen was packed into a hard glass combustion tube, 
heated to the desired temperature, and the gases, measuring some 
1500 c.c. in toto, were continuously circulated throughout the system. 
Any combination to form water was measured by observing the fall in 
pressure. The majority of the experiments were carried out with 
porcelain ^ as catalyst, and it was found that the rate of combination of 
hydrogen and oxygen in electi^olytic gas is directly proportional to the 
pressure of the dry gas. 

In other words, the reaction is monomolecular, although, from the 
equation 

2H2+02 = 2H20 

a reaction of the third order is to be expected.^ By increasing the 
proportion of either the oxygen or the hydrogen above that required 
for the foregoing equation it was found that the rate of the reaction 
was directly proportional to the pressure of the hydrogen. A result 
so opposed to that which might be expected indicates that the reaction 
is indirect and complicated ; this conclusion receives support from the 
further observation that pi’evious exposure to hydrogen appreciably 
enhances the catalytic activity of the porcelain, although chemical 
reduction of the porcelain by this preliminary treatment is out of the 
question. Indeed, if reduction did take place, a prolonged preliminary 
exposure to hydrogen might be expected to enhance the catalytic action. 
But experiment showed that such was not the case. Further, the 
hydrogen could easily be removed again by heating the porcelain to 
redness in a vacuum. A preliminary ignition in oxygen did not appear 
to inliuence the results. It may therefore be concluded that porous 
porcelain adsorbs both hydrogen and oxygen at rates which depend to 
some extent upon the physical condition and past history of the surface. 
In general, the adsorption of hydrogen is less rapid than that of oxygen, 
but tlie limit of saturation is higher. Combination iDctween the adsorbed 
gases occurs at a rate either comparable with or somewhat more rapid 
than tliat with which the him of occluded oxygen is renewed, but at a 
rate considerably higher than that of the adsorption of hydrogen. 

When magnesite — a typical basic refractory — was used as 
catalyst, the temperature being 430° C., closely similar results were 
obtained. Ferric oxide and 7iickel oxide showed no reduction during the 
process, but ijchaved in an analogous manner to the magnesite. Copper 
oxidef however, exhibited unique behaviour. The rate of formation 
of water was not only slow, but was proportional to the partial pressure, 
not of the h^^drogen, but of the oxygen when the proportions of the 
two gases dicl not correspond to that in electrolytic gas. The authors 
explain this hy supposing that the surface of the oxide becomes coated 
with a film of “ active ” oxygen, which protects it from the reducing 
action of the hydrogen. At low pressures water-vapour is formecl 
because the hydrogen succeeds in penetrating the attenuated him. 

Gold was studied at 250° C., and from the fact that its surface 

^ Kaolin is also catalytically reactive. Its influence can be observed at 230° C, 
Joamiis, Compt. rend., 1914, 158 , 501. 

2 Bodenstein {ZeiUcli. physikal. Ohem., 1899, 29 , 665) believed bis experiments proved 
this to be the case. 

The influence of copper oxide has been studied also by Joannis, Compt. rend., 1914, 
159 , 64. 
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remained apparently unchanged throughout, the conclusion was drawn 
that the metal acted through adsorption or occlusion, and not in a 
chemical manner. The surface of silver gauze, however, when employed 
as catalyst, was observed to become frosted over, and its catalytic 
activity greatly increased. It would appear, therefore, that some 
chemical action takes place, such as the formation and subsequent 
decomposition of a hydride. An oxide is ruled out since silver oxides 
are unstable above 350° C.^ 

As is well known, the noble metals arc very powerful catalysts, 
and their activities have been carefully studied.^ Pre-treatment of 
platinum, palladium, or iridium with oxygen greatly enhances their 
effectiveness as regards the catalysis of mixtures of hydrogen and 
oxygen. Pre-treatment with hydrogen produces a similar effect but 
to a less marked extent. 

The Slow Combustion of Gaseous Hydrocarbons.—The fact 
that some substances unite with oxygen more readily than others paved 
the way for what may be termed the preferential theory of combustion, 
which was widely accepted during the greater part of last century. 
According to this theory, when a mixture of combustible substances 
is ignited, there is competition between the different elements for the 
oxygen. The same applies even in the case of a pure compound, such as 
a hydrocarbon, for the two constituent elements will compete for the 
oxygen. If the supply of air is limited the ‘‘ most favoured ” element 
will burn first, the remainder oxidising as opportunity serves. 

This theory afforded a very plausible explanation for the luminosity 
of hydrocarbon flames.^ The hydrogen is to be regarded as the favoured 
element, and thus becomes preferentially oxidised, whilst the less 
favoured carbon is precipitated out into the flame in the white-hot 
condition, and either burns in excess of air at the outward fringe or 
escapes as smoke or soot in the uncombined condition. 

Although, as has already been mentioned (see p. 59), preferential 
combustion may take place in the presence of certain catalysts, the theory 
as applied promiscuously to all cases of combustion leads to many 
difficulties. For example, when methane is exploded with its own 
volume of oxygen—that is, a volume insufficient for complete com¬ 
bustion—hydrogen and carbon monoxide are produced as well as water- 
vapour, in accordance with the equation 


CH^+Oa^CO+HsO H-H^. 

Similarly, ethylene yields carbon monoxide and hydrogen : 

C2H4+02=2C0+2H2. 

These facts were known to Dalton,^ and received support from the 
work of Kersten ^ in 1861, who assumed that when once the hydro¬ 
carbon has been decomposed by the heat of the flame into hydrogen 
and carbon, the latter is preferentially oxidised to carbon monoxide, 

^ Camelley and Walker, Trans. Chem. Soc., 1888, 53 , 79. 

2 Hofmann and Zipfel, Her., 1920, 53 , [B], 298. 

^ See Dixon, Cantor Lectures, 1884. 

^ Dalton, A New System of Chemical Philosophy, 1808, vol. i. 

^ Kersten, J. praht. Ghem., 1861, 84 , 310. 
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after which any excess of oxygen distributes itself between this gas and 
the hydrogen. A similar view was apparently held by Misteli.^ 

The question therefore arises as to what factors decide whether or 
not an element shall be more favoured than another. If in the ordinary 
rapid combustion of ethylene, for example, hydrogen is the more 
favoured element, why should carbon be preferentially oxidised in an 
explosion ? To this, a satisfactory reply has not as yet been forthcoming. 

Although the preferential theory has not been disproved, modern 
opinion inclines towards the association theory of Bone and his 
collaborators. According to this, the oxygen of the air first combines 
with the hydrocarbons, forming more or less unstable hydroxylated 
products which ultimately, in a sufficiency of air or oxygen, decompose 
to carbon dioxide and water. 

This theory was arrived at as the result of a series of classical 
researches into the mode of combustion of hydrocarbon gases in oxygen 
in contact with suitable catalysts. 

In the preliminary series of experiments ^ the gases were sealed in 
glass bulbs and maintained at definite temperatures ranging from 825° to 
400° C. for several weeks. As only small volumes of gases (about 
70 c.c.) could be dealt with in this manner, and as, moreover, the 
detection of transient intermediate products was very difficult, the 
final experiments were conducted by continuously circulating the gases 
(some 1200 c.c.) through a combustion tube packed with porcelain, 
and maintained at the desired temperature in a furnace.^ 

A. It was first of all established that the following three reactions 
are incapable of taking place below 400° C. : 

(i) C+HgO-CO+Ho; 

(ii) CO.>+C=2CO ; 

(hi) 2C+02=2C0. 

The reversible reaction 

(iv) COH-HsO^COg-hH^ 

gave no evidence of proceeding at 825° C. in the direction left to right 
even after a fortnight. At 350° C. some 1*7 per cent, of carbon dioxide 
was produced after ten days, and at 400° C. about the same quantity 
resulted after a week. On the other hand, mixtures of hydrogen and 
carbon dioxide gave no indication of change at 350° C. for a fortnight, 
or at 400° C. for a week. 

Mixtures of fairly dry carbon monoxide and oxygen underwent 
no change between 300° and 400° C. although the moist gases very 
slowly interacted at 325° C. and upwards in the course of a week, 
yielding carbon dioxide. The reaction 

(v) 2 CO+O 2 - 2 CO 2 

could, therefore, like the preceding ones, have but little effect upon the 
course of the experiments. 

(vi)2ll2+02-2ll20. 

^ Misteli, Ghem. Zentr., 1905, ii., 1075 ; from J. GasbeleuclUiing, 1905, 48 , 802. Com¬ 
pare also Tanatar, Zeitsch. physikal. Chmi., 1900, 35 , 340 ; 1901, 36 , 225 ; Bone and 
Cain, Trans. Chem. Soc., 1897, 71 , 26; Lean and Bone, ibid., 1892, 61 , 873. 

“ Bone and Wheeler, Trans. Chem. Soc., 1902, 81 , 535. 

^ Bone and Wheeler, ibid., 1903, 83 , 1074. 
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This reaction has already been discussed (see p. 61). A temperature 
of 400° C. is on the border-line where the formation of water may be 
detected in the course of a week. The fact was also established that the 
following pairs of gases have no appreciable mutual action at or below 
400° C., namely : 

CH 4 +CO 2 , and CO+H^. 

The elimination of these secondary reactions from the slow com¬ 
bustion of methane greatly simplifies the problem. 

B. Bone and Wheeler next ascertained that methane combines 
with oxygen between 300° and 400° C. with an enormously greater 
velocity than does hydrogen itself, and in no case were they ever able 
to detect the liberation of free hydrogen or free carbon as an inter¬ 
mediate or final product. 

Since, if once formed, it would be impossible for them to be oxidised 
away in accordance with equations (ii), (hi), or (vi), their detection 
and isolation would be an easy matter, and hence it may be postulated 
that under normal conditions of slow combustion the methane is not 
first dissociated into its constituent elements. It is equally clear that 
the carbon monoxide and water which were always found when the 
supply of oxygen was insufficient to completely oxidise the methane, 
are two of the primary disintegration products of the partial oxidation 
of the methane molecule at these temperatures, for these are too low for 
reaction (vi) to take place. 

C. An unexpectedly large proportion of carbon dioxide was iii- 
\’ariably found in the gases at each stage, but especially towards the end 
of the oxidation. This cannot be explained on the supposition that the 
carbon monoxide first formed is oxidised to the dioxide, for reaction (v) 
takes place with extreme slowness at temperatures below 400° C. It 
would therefore result from the decomposition of some more complex 
oxygenated molecule. 

D. The presence of formaldehyde could be detected as an unstable 
intermediate product during the slow combustion of methane at 450° to 
500° C., and must be regarded as an oxidation product of methane, 
since it was not i^roduced when mixtures of hydrogen and carbon 
monoxide were circulated through the apparatus under analogous 
conditions.^ Formaldehyde readily decomposes when heated in the 
absence of air or oxygen yielding carbon monoxide and hydrogen ; 
whilst in the presence of air, carbon dioxide and water result. Formal¬ 
dehyde thus came to be regarded as the initial product of oxidation of 
methane, but upon the suggestion of Armstrong ^ the view was finally 
adopted that methyl alcohol is the first product; this, however, cannot 
be detected on account of the rapidity with which it oxidised, pre¬ 
sumably by hydroxylation to the hypothetical dihydroxymethane, 
which immediately decomposes to formaldehyde and water. This is 
followed by the formation of formic acid, which is readily detected 
amongst the intermediate products. Further oxidation yields carbonic 
acid, which dissociates into water and carbon dioxide. Thus : ^ 


1 Bone and Wheeler, Trans. Chem. Soc., 1903, 83 , 1074; Bone and Smith, tdid., 1905, 
87 , 910. 

2 Armstrong, zdid., 1903, 83 , 1088. 

^ Bone and Drugman, idid., 1900, 89 , 679. 
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H H H OH OH 


G. OH—>H. 0. OH—»H . C : O—>H . C; 0-.^H0 . C : O—^COa+H^O 

-j-HgO Formic Carbonic 

H OH Formaldehyde acid. acid, 

etliyl llypothetical -f Steam, 

coliol. (iihydroxy 

methane. 

e most interesting features of this scheme is the assumption 
t act of the oxygen atom is to associate itself with the 
idecd, the oxygen atom appears to penetrate within the 
lecule, in much the same way as it is believed to enter the 
Drk in the combustion of solid charcoal (see p. 74). 

)w combustion of ethane, on the other hand, ethyl alcohol 
been detected amongst the oxidation products,^ and an 
heme is suggested ^ to that for methane. Thus: 


CHg CH 3 . CHO H. CHO 

—I —> +-> + —>HCOOH—^C0(0H)2 

Et CH( 0 H )2 H 2 O CO+H^O l-’ormic Carbonic 

Hyijothetical Acetaldehyde Formaldehyde, 

1. dihydroxy + Steam. carbon monoxide, 

ethane. and steam. CO 2 +H 2 O 

1 , methane, and ethylene are also at times to be found 
products of oxidation, without, however, any carbon being 
.'heir appearance is believed to be due to the purely thermal 
•n of ethane, formaldehyde, and acetaldehyde.^ Thus : 

H.CHO-H.+CO 

CH 3 .CHO=CIl 4 +CO 

sc of ethylene, CgH^, it was not to be expected that vinyl 
1 be detected as a transient intermediate product; ^ but 
logy leads to the assumption that the mechanism of the 
tioii is probably as follows : 

U CHOH 

—> II -> 2H . CHO-^ H . COOH->• CO(OH)2 

[(OH) CHOH Formaldehyde. Formic Carbonic 

inyl Fihydroxy 

oliol. ethylene 

(hypothetical). COa+HaO 

)hol could not, of course, be experimentally detected among 

lenc, the following scheme is suggested : ^ 

I) C(OH) H.CHO 

—>!il -> + ->H . COOH - >C0(0H).2 >C02-f H 2 O 

C(OH) CO Formic Carbonic 

hetical hydroxy Formaldehyde acid. acid, 

erivatives. - 1 -Carbon 

monoxide. 

no means improbable that the rapid combustion of the 


3rugman, Proc. Gheni. Soc., 1904, 20 , 127; Drugmaii, Trana. Chem. Soc., 

Reports, 1910, p. 491; Bone and Stockings, Trans. Chem. JSoc., 1904, 

5mith, Trans. Chem. Roc., 1905, 87 , 910. 

Vheeler, ibid., 1904, 85 , 1637. 
bidrew, ibid., 1905, 87 ,1232. 
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hydrocarbon gases follows similar lines. Evidence on this point, 
however, is diliicult to obtain. 

The slow combustion of phosphorus in moist air is an apparent 
exception to the law of mass action, Ibr the rate of oxidation diininishes 
with rise of pressure, becoming practically nil at 500 mni. of oxygen. 
This is really a case of false equilibrium akin to passivity in metals. 
The surface of yellow phosphorus is exceedingly sensitive to tlie action 
of traces of impurity. The moisture appears to be the primary cause 
of the irregularity referred to, although the modus operandi is not 
understood.^ If, on the other hand, freshly distilled phosphorus is 
exposed to the action of air or oxygen dried l)y ])assage tlirough sulphuric 
acid, and therefore having a moisture content of the ordcu’ of 1 mg. 
per 400 litres,^ the oxidation proceeds at all ])rcssures and is mono- 
niolceular above 500 mm. It is accompanied by a \’crv I’eeble glow 
and the formation of some unknown oxide.-*^ Below 500 mm. the 
reaction is accelerated, the glowing is more intense and phosphorus 
pentoxide is formed. 

On the other hand, if the oxygen is very dry the oxidation proceeds 
exeeedingl;^ slowly, and probably if the system wca*e caitirely free from 
water no action would take place at all. Ozone and hydrogen peroxide, 
which are produced during the oxidation of moist ])hos})horus,'^ do not 
occur in the dry reactions. The slow oxidation of phos})horus in various 
oils has also been studied.^ 

The slow combustion of coal is, on aeeoimt of its (‘ommereial 
importance, a subject of particular interest. Anthra(*it(‘ and anthracitic 
coals arc but little affected l)y (‘X])osure to air, but tlu‘ majority of 
bituminous coals undergo appreciable oxidation and deterioration. A 
photographic plate is affected by tlicm in flu* dark in the ])ri‘sen(;e of 
air or oxygen possibly owing to the ]>ro(hieti(>n ol‘ tra(*es of hydrogen 
peroxide.^ The rate of oxidation increases with tlu‘ surfa(*(^ ar(‘a. and with 
the tem])erature; if the resulting heat is unabli‘ to i‘seapt‘ suHHaently 
rapidly the temperature may rise to such a lieight as to (*aus(‘ spontaneous 
combustion. In coal mines the conditions are pta-idiarly favourable to 
this, and the resulting lires arc known as gobjircs. The sanu* diflieultit's 
present themselves in connection with the storage* and transport of coals. 
It was at one time believed that the s))ontaneous luxating of coal was due 
solely to the oxidation of included pyrites or mareasite. Thus: 

FeSo +11 A) I Go-FeSO, +11 .SO,. 

The researches of several investigators ^ have shown fairly (*(>n(‘lusi\'ely 

1 Bussell, Tnuiii. Chon. Soc., 1903, 83 , 1271. Sec: also this scries, Vol. VI. 

- Morley, Anicr. J. iSci., 1887, 34 , 200. 

^ Dried with phosphorus pentoxide. Jt then contains a inaxiniiun of only 1 
HoO per 40,000 litres. 

^ Schonbein, Poyg. Annaloi, 1845, 65 , 09; Sehiuidt, ./. pralA. ('hem., KSOO, 98 , 414; 
Bussell, loc. cit. 

^ Centnerszwer, Chem. Zodr., 1910, ii., 1022. 

^ W. J. Russell, Proc. Roy. Soc., 1908, [BJ, 80 , 370 ; Siukinsoii, 'J'rttns. (J/icin. tioc.y 
1920, 117 , 105. 

^ See particularly Richters, Dinyl. PoLif. ./., 1808, 190 , 398; 18(50, 193 , 54, 204; 

1870, 195 , 315, 449 ; 1870, 196 , 317 ; Fayd, Bull. Bar. ImL Minrmlr, 1879, 8 , iii., 3487 ; 
Lawton, Trana. Lnsl. Min. Buy., 1904, 27 , 112; tlirelfa.ll, J. Boc. Chum, hul., 1909, 
28 , 759 ; Becoiul Report of the Royal Comndsmon on Coal Btipjdie.Sy 1904 ((Jd. 1091), 2 , 
227 ; Lewes, ibid., 232. Bulletin No. 11 ( 3 , Eiujinecrimj Experimental Btation, i’niucrsiiy 
of Illinois. ' 
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that this cannot be the main cause. Indeed, it is not difficult to 
show, from thermoehemical considerations, that if the coal contained 
as much as 2 per cent, of pyrites,^ and the heat of the foregoing reaction 
were wholly accumulated in the mass of the coal, it would be totally 
inadequate to raise the temperature of the mass to ignition-point.- 
On the other hand, a straightforward chemical reaction of this type 
is not the only manner in wliich a substance, such as pyrites, may 
possibly assist in the oxidation of coal. It is well known that iron 
compounds, by virtue of their power of alternate reduction and oxidation, 
frequently exert a marked catalytic action upon reactions of the above- 
mentioned type ; and evidence is not altogether wanting ^ that pyrites 
can and does exert a minor accelerating influence on the oxygen 
absorption of coal. 

Apart from its thermoehemical and catalytic activities, it seems 
very probable that pyrites can assist in the oxidation of coal in a purely 
mechanical manner as well, inasmuch as it tends to swell on oxidation 
and thus to increase the mechanical disintegration of the coal, thereby 
exposing larger surfaces to aerial attack.^ 

When air is passed over coal free from occluded gases oxygen is 
absorbed, water and oxides of carbon being produced. This reaction 
proceeds even at temperatures as low as 25° C. ; ^ indeed, with freshly 
mined coal, oxidation proceeds at the ordinary temperature, although 
in this case it may not be attended with evolution of carbon dioxide.® 
Up to about 80° C., however, the reaction is relatively slow, and even 
when coal is exposed to oxygen under high pressure the oxidation is 
attended by only relatively small amounts of the oxides of carbon.'^ 
At about 80° C. the rate of oxidation undergoes a marked increase, and 
at 120° C. in oxygen and 135° C. in air oxidation proceeds freely. 

Between 140° and 160° C. in oxygen and 200° to 270° C. in air 
oxidation becomes autogenous or self- 2 )ropellant, and as soon as this 
point is reached the temperature rises rapidly to the ignition-point.® 

Moisture accelerates the oxidation of coal, but an excess of water 
retards it, partly because it enters the pores and thereby renders it less 
accessible to the atmosphere and partly also because its evaporation 
tends to keep down the temperature. Oxidation ]:)rocceds in the 
absence of bacteria.^ 

It has been suggested tliat, just as in tlic combustion of carbon and 
the slow combustion of h^^drocarbon gases, tlie first step in the slow 
combustion of coal consists in the formation of an additive compound 
or complex, consisting of oxygen and one or more of tlie substances 
present in coal.^® 

^ Using the word pyrites in its broadest sense to cover any sulphide of iron. 

^ Bone, Goal and its Scientific Uses (Longmans, 1918), p. 150. 

^ Drakeley, Trans. Chem. Sac., 1916, 109 , 723; 1917, iii, 853. See also Haldane and 
Meachem, Trans. Inst. Min. Emj., 1898, 16 , 491 ; Jeffries, ibid., 1905, 29 , 532. Compare 
Harger, ibid., 1913, 44 , 318; Dresehcr, Chew. Zeitunrj, 1922, 46 , 802. 

Lewes, J. Gasligliting, 1890, 55 , 145 ; 1906, 94 , 33, 

Mahler, Coinpt. rend., 1910, 150 , 1521 ; 1910, 151 , 645. 

Parr and his Co-workers, University of Illinois, Bulletins Nos. 17 (1908) and 46 (1911). 

^ Bone, op. cit., p. 158. 

^ Parr, loc. cit.; also Tideswell and Wheeler, Trans. Chem. Soc., 1920, 117 , 794. 

^ Godchot, Go7npt. rend., 1920, 171 , 32. 

Wheeler, Trans. Chem. Soc., 1918, 113 , 945; Tideswell and Wheeler, ibid., 1919, 
115 , 895 . criticism by Partington, Chem. News, 1919, 118 , 50. 
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Surface Combustion. —As has been seen, slow combustion of gases 
may be enormously accelerated by contact with catalysing surfaces. 
The rate may be so increased as to cause the evolution of light and 
intense heat,'but witliout any visible flame. All such phenomena are 
grouped together under the term surface combustion (see p. 52). 

Da\y, in 1818/ called attention to tlie fact that a spiral of 
platinum wire, when plunged in a warm condition into a mixture of 
coal gas and air, becomes incandescent and may cause the gases to 
burst into flame. By holding a i:>iecc of platinised asbestos, after 
warming in the Bunsen flame, in a stream of coal gas and air, the 
surface of the asbestos glows brightly, but as a rule no flame appears. 
If, however, the asbestos is held over a jet of hydrogen, sufficient heat 
is generated to ignite the gas. 

A pretty lecture experiment consists in suspending a spiral of 
platinum wire in a beaker over some methyl alcohol. The latter is ignited, 
and when the spiral has become warm a card, punctured with small 
holes, is laid over the top of the beaker. This extinguishes tlie flames, 
but sufficient air enters to allow some of the alcohol to burn on the 
surface of the i:>latinum, which glows at red heat. 

The reaction, when once started, is self-supporting, and may be 
rejoresented as follows : 

(i) CH 3 OH+O = HCHOH HgO; 

Methyl alcohol. Formaldehyde. 

(ii) HCH0 + 0=HC00H; 

(iii) HCOOH+O^H^O+COg. 

By suitably adjusting the apparatus formaldehyde may be made the 
most important product, and advantage has been taken of this to 
construct the well-known formaldehyde lamp,^ in which a mixture of 
methyl alcohol vapour and air is passed over a warmed platinum wire. 

Finely divided platinum, on account of its enormous surface area, is 
very reactive,^ and a small quantity introduced into electrolytic gas 
may cause instant explosion.^ 

Surface combustion phenomena are not confined to platinum or 
the noble metals. A warmed iron wire may be raised to incandescence 
by surrounding it with an atmosphere of air and coal gas.® 

It is now^ established that : 

1. The property of accelerating gaseous combustion at temperatures 
below ignition point is shared by all substances irrespective of their 
chemical composition. 

2. Whilst at lower temperatures there exist very marked differences 
in the catalysing powers of various solids, at high temperatures these 
disappear. 

At bright incandescence all solids behave alike. 

1 Davy, Fhil. Trans., 1817, 107 , 77 ; Quart. J. Sci., 1818, 5 , 128. 

“ Tollens, Ber., 1895, 28 , 261. 

Doebereiner, Schweiggefs J., 1823, 34 , 93 ; 1823, 38 , 321 ; 1823, 39 , 159 ; 1824, 42 , 
60 ; 1831, 63 , 465. 

4 Hofmann, Annalen, 1868, 145 , 357; Ber., 1869, 2 , 152 ; 1878, ii, 1686 ; Thomas, 
J. Amer. Chem. JSoc., 1920, 42 , 867. 

^ Fletcher, J. GasligMing, 1887, i, 168. See also Meunier, Compt. rend., 1908, 146 , 
539, 757. 
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Bone ^ has applied the phenomena to industrial problems, mixtures 
of coal gas and air being caused to burn on the surface of porous fire¬ 
brick, generating enormous heat, but wdth no visible flame. 

Combustion of Solid Carbon,—Owing to their importance as 
fuel, carbonaceous materials have for centuries been the subject of 
scientific consideration. For some time prior to the discovery of 
oxygen, carbon or charcoal was regarded as composed mainly of the 
essence of combustibility, and Stahl (c. 1697) considered it to be 
almost pure phlogiston (see p. 11). On this theory, the fact that only 
a certain quantity of charcoal could burn in a limited supply of air 
was readily explained on the assumption that phlogiston could not 
leave a substance unless it had somewhere to go. The air could only 
absorb a definite amount, and when once fully phlogisticated behaved 
like a saturated body and refused to take up any more. 

The discovery of oxygen by Priestley and independently by Scheele 
in the second half of the eighteenth century enabled Lavoisier to offer 
an ^entirely new explanation for the iDhenomena. The carbon was 
assumed to combine direct with oxygen to form the dioxide 

(i) C+0,=C02, 

and the fact that carbon monoxide ^ was found to result in the presence 
of excess charcoal, was accounted for by reduction of the carbon dioxide 

(ii) C02+C=2C0. 

For more than half a century this theory was accepted almost 
without question,^ but in 1872 Sir Lowthian Bell concluded that the 
theory was inadequate in so far as the combustion of coke in a blast 
furnace was concerned. He suggested that “ carbon monoxide and not 
carbon dioxide is the chief, if not the exclusive and immediate, action of 
the hot blast on the fuel.” If this view is accepted, carbon dioxide is 
to be regarded as an oxidation product of the monoxide rather than of 
carbon itself, and carbon monoxide as the primary oxidation product 
of carbon instead of a reduction product of the dioxide. Thus : 

(i) 20+02=200; 

(ii) 2C0+02-2CO2, 

Bell’s theory received unexpected support from the work of C. J. 
Baker ^ some fifteen years later. This investigator studied the effect of 
admission of oxygen to charcoal that had previously been thoroughly 
exhausted of air and moisture by heating to redness in an evacuated 
tube containing phosphorus pentoxidc. On admitting dry oxygen to the 
system, adsorption took place, and a temperature of 450° C. was required 
to expel it. It then escaped mainly as carbon monoxide. In the 
presence of moisture carbon dioxide was formed, but the more thoroughly 
free from moisture the substances were, the less the amount of carbon 

^ Bone, J. Boy. Soc. ArtSy 1914, 62 , 787, 801, 818 ; Coal and its Scientific Uses (Long¬ 
mans, 1918). 

2 A gas prepared by Lassone in 1776 and mistaken for hydrogen, but later recognised 
as a true oxide of carbon. 

^ As late as 1888 Lang {Zeitsch. physikal. Chem., 1888, 2 , 161) claimed-to have proved 
that in the combustion of carbon the formation of dioxide precedes that of the monoxide. 
His conclusions, however, were disputed by Dixon (Trans. Chem.. Soc., 1899, 75 , 630). 

^ C. J. Baker, Trans. Chem. Soc., 1887, 51 , 249.j 
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dioxide produced^ This, coupled with the fact proved l.y >^=j['‘'r. that 
dried carbon dioxide is reduced by dry earhon oidy " d 1. Otheulty o the 
monoxide, strongly supports the eouelusion tl.al under il.ese c.nd.tu.ns 

carbon bums cliiTctly to the inouoxiilr. , 

Still further support was fortheoiuino- the loiloNMii.u \ear troiu the 
researches of H. B. Baker;-^ who found that no visible eonihusiion 
occurred when thoroughly dry oxyovuwas hal on er Ipuhiy punlaxl 
su^^ar charcoal at bright-red heat. That eoiubina t ion had taken plae(‘, 
however, was clear from tlie resulting gaseous niixt ona namely : 


0x3^g‘en .... per cent. 

Carbon monoxide . . 

Carbon dioxide . . . 


Johnson and MTntoshfound from (b2 to S-l> per (aait . of carbon 
monoxide in the gases evolved during the combustion ol a mixture^ 
of carbon with excess of potassium eliloratta hot li in air and in a va(‘mim. 
As the temperature was only of the order of 1()()()‘’ C ‘., I he aut hors argut' 
that the monoxide could not have resulted from tia‘ Ifiermal decom¬ 
position of the dioxide, so thatthemonoxid(‘ would appear to \)r tlu‘ first 
product in the combustion of solid carbon. 

In 1896 Dixonshowed that the rat(‘ of (‘xplosion ol cyanogen in 
oxygen reaches a maximum when the gas(‘s ar(‘ in nu >hH*ular proportions. 
Thus: 

C^No+O.-No+lH'O. 


Further, the pressure developed during the (‘xplosion is gn'aftax and 
the reaction proceeds more rapidly, than wluai su(ri<'i<‘nt oxygen is 
present to convert the carbon into the dioxidex 

It would appear, therefore, that in so far as gasnons carbon is con¬ 
cerned, carbon monoxide is tlie initial ])rodu(*t. 

For many years chemists appear to iiavc^ htaai satis{i<*d with one or 
other of these theories. In 1912 attention was again directiTl to tlu* 
subject by Rhead and Wheeler,wlio point out (hat. if it could b(‘ shown 
that either the reaction 

C+ 0 ,-CJ), 

or 

C02+C-2(J) 


proceeds at a tem]:>crature at wliieli eitlu^r 


2 C+Oo-2(X) 

or 

2C0+02-2(J)2 

takes place with inappreciable velocity, a. (h^eision h(‘t wecai the two 
foregoing theories could be arrived at. 'Altliough unable to arrivi* at a 


1 In one exiDeriment 98-91 per cent, of CO and only 1-08 por omt, of (’(U wnv oi>( ainod, 
the substances having been dried for two months t>v'cr phoHjihorus |)(*id(h\id(‘ 

2 H. B. Baker, Proc. Roy. Soc., 1888, 45 , 1 ; Phil Tramn., 1888, 179, | A|, r>71. 

Dried by prolonged exposure to phosphorus ])entoxide. 

Johnson and Mlntosh, Trans. Roy. Soc. Edin., 19i:i, 7 , iii., 1 ill. 

1893 Graham, Trans. Chem. Soc., 1800, 59 , ik) ; i)ix(au /7o7. Trans., 

® Rhead and Wheeler, Trans. Ohern. Roc., 1912, loi, 84(). 
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Wheeler siieceethni in showiii*^ 

1. Some enrbon rmnioxitie is prothiertl einrtn^tl the nt' rjrbtni 

at low temperatures, umler eundit iuns Ihat dt» He»t' atlniil t»f IIm' r* diieftMO 
of carbon dioxidt* Ity earlnuu 

2. Ca.rlton tiioxidt* is |trtHiueetl al hov Irinpi-raf iin s m i|iiaif! if a % 
that eamiot b(‘ entirely aee-tamied IVir (»n the assumptuMi fbat I In 
monoxide is lirst formeti and suliseqnt'ntly tixiflised. 

T}u‘ eonelusion appt'ars iiirsilabir that bulb tlu’ mun^Xid* and lii. 
dioxidt‘ are produeed .s///o///o/a'onA7//, In t»tber m die r •,e« . s* 

the primary produel of oxidalitm in that it takrs po et li* nr. M\* r IIm 
other. Tlu' two preNinus tiusuaes tire then hu'r In hr uardi d .s . 
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correct, c*ael) as far as it •^njes, Hie e|ne:sl.t**ii mtu arisi s a^* li* fin smf iiir 
oftlu^ r(‘a(*tion belweeft earinm aiiif oxyi^ein and tin*. «as divnivr d In 
Khead and Whet^Ier tite Idlbnuitii Vr-ard It \%n% hnind Ih.if rh.irrM.d 
that had Inxii heated to !CiO i\ at an evaenaft'd u-ss^l and alhoud In 
cool, r(‘a.dily a<is(n*bs o\yi,nii at idl lower ienn*i ratnrrs, ffif im!» 
adsorption laan*,^ very rapid ilnrino itm' hra Iv^s si-eondv afhi \i|itrh 
the V(‘locity ^^nxidnally slo'Us down, hni roiifninis lor hum-. 

(s{‘(* li^n 8 ), Ihr total anionul of oeelnded o%\i|en ineoas^ '» Hifli I.ill lit 
tonii)mhnx% ancl is app^^^^^^ eonstanl ior nm tmioHrafno 

tor tli(‘ partieular spe<*iinrn of rhiifeoal nnder' ide.i iw af loo. d’*h} ^ 
oxy^nai eamiot berenuord by exhanstti.ni idi*in% hnl oidi U\ inns ,0010^ 
tne tem|K‘ndure of thr tsarhon diiriii^»- exfian^^tioin 'W'lo-ii ipiirkh^ 
rdeased m tins maiumr it appears md as hn! as rarhun doivnh 
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two oxi(l('s wIk'H (‘ly rc!uo\'c(l drjMmi un fh<’ frifip* r.if in*- ;<! 

which tlu‘ (‘arbon has lua-n lu-alt-il ihiriiiu' (>\\;c n li\afh»!i. 

If, for rxaiuplc. ihc ti-nijua'alurc is rais(({. s:t\ Irnni :uhi fn ;;;n) i 
oxygen is t‘\()Ivr(i in \‘a<aa», t*orrcs|Hauinta Hi* anitMinf \Ii i.tj ii-r. s 
as a rnixUirrof niono\i<l<‘and (ii(»\id<- nnlil ! la-saf imm! inn hunt n! ffi. 


chareoaj al (his higiin* I(anpcral un* lias hem n anln *1, and llnai r, -n* ■>. 

4'h(' authors suggcsl lhal (his is naa'n Ihaii a |»nn 1\ iths-an.d 
hxaiion ' of oxygen, being in all {n*ohahilii\ ! bn (lulet.nn n! a nb\ Men 
clienii(‘al allracfion be! wecai (>\\gen and earbeMi. !Mi\s!ea}, rnasniin b 
as it sei'ins bardl\‘ possible (o assign an\ debnife nmlrenlar Inrmula In 
tb(‘ coiuphvx fornusl, ubieh, indeed, shows prnig*tsst\r \analin{i m 
composition; eluanical, in (bal no is4>ialioii of’ (In eompl* \ ♦.ut b. 
cff<‘ctt‘(i by [)hysi<*al nnsins. 

!(■ would appear, 1 herefore, (bat I be lirst pnnbiet of etanbu ,t jun of 
(*aii)on is a loost‘ly fornie<l physi<-ocla inical ennipl«\. wba h ran be 
regarded as an unsfable compound of <‘arbon and (e^\;an *,! an af 
preseni unknown eoinposil ion, It is pmltabk flml no d-Inuf- 

formula can be assigned lo (his ctanplex. 

Stated maiidy in t be words of the ant hors I bs nca h » I h* none, i.! aas 
ot what takes placa* during' I he eoinbustion ti| earlioii is, brn f!\, a . 
follows : (‘ueh oxyg(*n moka'iile (hat (sunes mb» e».||j'Mon vejfb tin e-.nl.o!! 
})(‘(‘(>mes '' lix(‘d,“ in so far as it is remh r< d meapabb of furl b< r prt» a * . . 
by” (he atiraction <»f se\<’rai earbt»n nn)|renies, d’h* i' r. a . no 

absolute' knowh'dge of (be nninla r oi‘ atoms eunlaim d in I la earbon 
moh'culc. Idle formation of beu/eiM'be\aearbo\\Ije ;nad iineilitie ;m so 
by' th(‘ oxidalion of (‘ilher amorplums carbon tu* ‘oaplsib , u.m.Oil . f h> 
assum])tion dial (bi* earlion nioleeuk- isuitams not {ru<r tfsan ft\.bn 
atoms,’ and may be ewai more eomplexa’ It w isjui'. iwsbt lb* r lor. 
(ii<‘ aid,hors point oui, (bal in (Ih' oxidalion of earbon di, uwnn 

moh'cnh'act uall\’c/dcr.Y t he earb<»n molecule, a n arranene nt of atom , 
taking ])la<‘e. 1 Inwever, bu* 1 he pn sent it is Milliei, jit foa eanm fhjf 

st'vi'ral (‘arlion moh*eules bolt! one o\\n imih enh . m bond a . d \«o i> 


and do not allow il to escape in eonjnnetion wdb one ol th. ir ..tfoin,. \ 
ecmsiderable (wohdioii of beat lalos place <lurinr^ the. attaehm, nf of 
oxygen molecules, so miieh so that soum of th. ni 4 \rntnall\ a*.pun 
sntlicie'nt. energy (<> sd'/e hold of a ('arlnm atom and di paii wdb i! a , 
eai'bon dioxide. Sonny oj them la'eoine turn apart in f be pr»iei 
bee'ome atomisisl and h-a\(‘ I In* carbon nn»lecade as ra,rb*»n iuono\id* . 

Ibis lormalion of a complex, am! partial d^ eumpemfion .r. ir. .b 
oxygen molecules lu'eonu' altai-hed, goes on mdd th. carbon !» rone . 
" saiund.eei,'’ tbi* proeiuels of (‘ombustitm dnnm^ flm. pmitni m . oin 
})ara(:iv<‘Iy short oiu') being (bO,^, C‘()., mid ( < b Vffrr lb* carbon luv. 
become salunifed ibere is an alti nudc' tmanation ami d. eompoation oi 
tb<' coinplex, Ka(‘h oxygen moleeuh- that niipmm s iui de earbon i . 
ouci‘seized bold of to form the eomph x, but the enmn t ijs . «b, n 
this occurs dtromposes an e(|ui\;dint propordon of the riaiipb \ loumd 
Irom previous oxygen moiecules. So that, buall), when mr is n.t . .ed 
o\(T saturat(‘d carbon imuidained at a lamstant t«inperafnif fe. ib, 


* ,I)(‘\var, C/ictH, A’or.v, lUus, c^y, lU. 

“ Asdmii, ('liv)ti, Znt., 33. ;a;f. 
I)iinr(»i.h and KcrknviuH, Aimnlin^ ttdd, 
Mtmattih., 1*114, 35 , H>:i. 
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rii!: * iiKMirxi. i‘i:ni»|.:irniv'< uf {>x^■(:F^^ 


applii'at ion oi’ ati ( xit-rnal stau'cr oT ia at, (’arludi <l!o\i(i<‘ and c'arhon 
iniHioxuli- apprar ni ihr pi'odnrts oT roini>ns!ion m \oluino sufliriiiit 
fo arrouiii ioi'lh^ F j} .*1 \ < o{'i»\\fi in 1 li. air < a’nnnalh pas-.* d. 

In lilt iittfiaal Finana** **1 fai'litui. I h* in for*', Iht carhiai ilioxid** and 
caidaai iHoia»\!!d' l<annl as ta.- appar«idl\ pnniai’s pr<kdnal% ut' ctHU 
I jiisi n *f 1 , a n-'.* • ha a n 1 la * !* cnin oom I n >n, at 11 a ■ It i npi I'a I uin t >1 aoi i d M iJ ion, 
ol' a (•< Hi ipl< A til. lojana t Ion of u hndi is I la lirs! rr-adl «*1' I la* * laamid < rs 
hi I \u t u o\\‘a ii and oarhoii na»l* i‘nl»-%. 

'I’hr idi a mT ' t j\\*'> na I i< Hi of lla <■< Hid nisi ihjr as a prtiinunar\ to 
dilinih' rlanuaal r. arfion i ■. la*} vithonl pr«f*-<ii ni. 

Iiaiaad, d iNoiAis sfroia^ support Iroin lla uoi'k of IhiUf on fho 
(‘oinlHistion of io i 11 ‘ofa rhon !»;asi s |sor pp. Fa Fh AltlaHi!(h not 

lirlinitii) pi'oviii, tills attraatixi- llaurv is is rtainl) a most Mt'';,p'stno 
ona : it laif iHil) tits in Wi ll uith kiaoan I’ai-ls, hut is in liaianony with 
t la' \ arious ponds uoa d in fa v • Hir of i aoh < >f t ia • I v\ o «a rl a i' 11 a urn s. 

(‘iH!ipi*siiinH m/ flit' ( \n atli inpt wa*. niadr to dt lrrmna* 

! ta <|Uantd\ of aalsDi'lni! hs a samplr of diari'oal at tk 

'Fhi' rrsuit indii'atid an adsorption of n lti inxmi «>f <>\\*a n h\ I‘d *p'anis 
ot' oarhon, rorri sp<»ndna* to a torinnla of t h d'his, of ooiirsa, only 
r< iVrs to till' tiinpirafuiN rhosi n, nanal), Mun (. 'i’hr' rrkdt\o pro' 

Ijort ion . I >1 rarhou dioMd* anil na h ioxan < \ oh i d on rai-an**; t hr 11 niprra 
{ urr of sat 11 rat it 1 rltarroai u. as found t«t \ ar\ ud h 1 ia initial tt luprraturr, 
so t hat if apprar > nnpo .sihk I o di t * rnma t la' \ aha . lor t and // t roni t ht' 
a\ adahir data. 

As na*nf UHa tl alms * , hou» v n*, hkdo r has shown 1 ha! rarhou <lio\ah\ 
w la n t horoin* hh t irn i i h\ pis »1 < hum d rout art u d }i pi a t.pla »rus p* n! o \ aha 
is not mlurid hv rarf»on «\»u at hrndd rid la ah tin t la ol h« r hand, 
Hiaa«i and \\ la i li r lao.» shown that t la roinpk \ h O rratlils 

(orna d Iroin d. tir\ roirddinnts. lla *.» two ohsiiwations sU'p'rst 
a natla»il h\ in‘ an . ol whah t la ratio - // inadd l»» tiisrosrrril, d Hot 
r\a«’th at an\ laf* appioMiuat< i\ , l'\»r h\ i xptran** t lioroiadds dr\ 
rharro.il uhirfi ha. hi in « \hansf<d at, sa \ . 1 UlU i . to tho!'oU*ddy ih\\ 
o\ \ 'u n at a it Iw i r h ni| »i rat urr, 1 la roniplt \ h ,d siioiild hr ol>t ana d in 
an t fpialjs ttr\ rtHiilduHi. t hi rat air* tfa Fmpi raturr aiai puiupuu^ 
off I la f ut» oxidi s I »l rarhou, t la s« should In- <»ht ana d ui t la proport loUs 
in w hir h t hr a 1 1 Hir. ol «»\ \ **» F aia I ratd i* »n a is disf rd ad« 1 1 in t hr ronipit \, 
inasmnrh as nt«nr o! fia rarhon t{a>\ak iHas^ prothasd in this wa\ 
r*an ht is dnts d to nioiaiMih liunir* t hr ixpinnaid, as uiaionhf rtll\ 
itrrtirs in tla ra-.* t*! lla na»ist i*ast .. 

t )nh t Wo si rn s ol » \p» rina nl s lia v« 1 m • n r.irra <1 tad w d h t his ttlijral 

in \ a u , tla is ,nll . hi na^ luronrlusn ♦ . ’ 

li \Mi. 

Maua has atissai) hri'ii th tila d as a mass tif i^as raisstl to nasut- 
«h srrnrr. It will h* filistiw**! that this ihlinitaHi dt»« s Hot hunt flaua- 
to Mirli plaiaHu'Ua as ar« alttialant upon rond«Uslion; it sim|t!y 
p-ostulatis tla- r\rJ* nr» of \aptHir t>r nns. \\ lulst llanirs may and 
often tlo t \ist mail r ronddions (Ariudua.' all l\pi s of rondiustiou, as 
for I xauiph ilunin* tla rh rfia* disrharta s throindi rais iiisf intsrs, in thr 
niajord\ o!Asisrs liana s ar» fla- n stilt ol rapid oxaialmn. 

^ iUstsaJ iiail WFofrj, / for,, I'd.’P It>|. iritt; || {p .'HhI littlfU, 

Jwsr. f /sir. jH'.f , lir.'*u, j |h'^ 
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^ n ),. 5 s ItJit*/ n kiiuu!i th.-if «•. r!:ini llnu, ■> arr 

Cool Flames. iviali\a[v lt>\s lmuh rafiin -. a rrHiur\ 

capaWe o cxis ‘ j. a’hnt platimmi wir. ua*. nitr<Hiua. .i lutu 

ago, Davy f „,, „.,! .,uK ,ia th, unv 1 „ .n .1 I ..1 

a mixture ; >' 7 - l.ul ,, j.:,!, ph...i.l-n ui 

i“:riK."‘"'V'l' 

ceased to glow, if the .•Nl'ernnenl u,n- .■..ndiiH.d m d,.il. n..,,,.. 
Doebereim-r observed llu- sn.ue i.lwnnnu'.mn, aud ,1 tha! ^Ue u 

ether is dropped into a retorl al inu ( • H mav p-.nu. '7 j!'’" > 7';17 
state accompanied by a pale Idue llaine. mmI.I, ynh u, I lu dmk an. h 

cool to set lire to other bodies. . 1'in "'!''' ’ 1' '(1 

this phenomenon may he eslulnted a <>1 th.-. . p. ihap. 11.. 

best is to heat an iron or .-upper ball to .lull r. .In, s-, .dlou P to ..I 1,. 

such atemperatun- that it is .just mv.sd.l,- m th. dark, an.i, b^ m, am. .. 
a wire, suspeud it over a dish .-ont.-uni.m s. x. r.d id . r pap, r. saturat. ,1 
with ether. ''As ilu‘ hM nppnsirh-th*' * tht r. :i h. aiitilui hlu* it .hid 
will form, passin<r ov(T its hi^atnl Mirhav npu,inl^ ^ inrh. .. 

The ball may b(^ let ri<i'ht iutu fhr i th. r uiflinul .mumip. t.rihujr\ 

combustion.” , , t * n 

The blu(‘ (lame is eharaeti riNt <1 b> ft * h.n f i lujM imI tir- , I h> 


fingers may be placed in it witlnait ttisiM.injtMi ; pap. r i. in.! rharid.l 
by itj and eviai e.arlfou disulplndr r*. u»»t nnnt. <1 1») it. 

In studying the limits of tlaim- pn‘pa'‘,ati..n but h \ii rf b. i‘ air an.i in 
acetaldehyde-air mixtures, ul»s« {'\cd that, upun nnntiun lufb a 

hot platinum spiral at tin' buttum ut a \rrttr:d -da'.', tub.-, “a la «•! 
glowing gas ot’U'n s(‘(‘nied to rxti nd upwaials Irom flu ’,pual !ui an^i 
distance up to SO cm. Thr ras nUai rnuaiur.l m t Ins pu ahon lur inaiu. 
seconds heforci I Ik* toj) openial into a ‘roi»l liana ti'a^. llin ^ up t b< 
tube.” The cool tlanu'was found t o rr;nill\ \irldth) tudmaia liMt llanji-, 
particularly in tlu* easi* of ai'rl .'d4lchv d* . flir auflau* pttints ..uf that 
the existence of lllis t\‘p(* ot utHtl {l.aiur nia\ stiui- to r\plain .Minr til 
the hitherto inexpli(ad)le (*\pl<»sions uith eoiubustd.h \apour. thi »«isr 
occasion he was attc'mpting to ilnuonst rat.' in fir u and vus\ m .l.ii 
light the (low of lu'aN'v cl tmr \apour down an ttpen umMim uH.r 
4 metres long, the vapour in'ing <tittaincil trout a spoua .afurafed 
with li(]uid ether and hchl just abtwr thr top »»! tin •niff, r Th. 
inclination of tlie gutter was l in t. .Vftcra tuu. tin athuipf tu jaiuf. 
the ether-air mixtun* at the hoUoin of th* 'uitti r b\ utran-. of a taprr 
was apparently nnsueei'ssful. altbou*di thr riiaracfrnslic rntosu o! ib. 
so-called lainjiie acid was rra<lil> drtrctablr. \ Ire, s^r.inds !af«i. 
however, the S[)ong(‘burst iut«> ilauir. It w.mhi apprar, thriv|,,rr, fhal 
a cool tlamc, practically iu\isihh*iu thr<{a\h‘dit and nuob.rrard b*^ fb» 
experimenters, liad (ravelled up thc' gutt. r aial *u^mi re., lo Midinai 
combustion at the top. 


The Hydrogen Flunuu 

ihc hydrogen tlanu* is a simple <Mie to study, for so!i«!\ aia prrs» id 
either in tlie pure gas, in pure air, or in auv of tin produef sot caubiisfion. 

^ Perkin, TranK (Jhnt. X'no, IKSC, 41. h],.. J i'Osn-oi t ^ v 

1914, 18 , 619. . / / 

^ White, Ohnn. Xor., 
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AVhc‘!i first i^'iiitrcl, a jet of hydrogrti issuiu;^^ t’roni a ^lass (ulu* yirids a 
colourifss and aiiuost iinisihlt' ilanu* : hut as the t>flass Ihh’ouics warm 
thi* ftauir atajuircs a yrlluw tint in ronscijuriua* id'sodium prustad. in the 
i^dass. By emploviiiL^ a platinum no/.zh' the llanu* is rtaidered colourless 
and prmdieaily in\isihh‘. It <aHisists ol* two portions, namelv, an iniua* 
zone initially of pure uas, which rise's in t e anperat uia* and <^u*adually 
heeoines admixed with air as it passi'S towards the out('r zoiu* wlnaa* 
eoinhust ion is eoiuplet e. 

!t would appoar ^ that the eomhustieai of hydrogen het vvt't'U hOO ’ 
and 1000 proecods in stadi a nianma' tliat hvdrouen peroxi<ie is 

formed in eonsidrrahle (pianlity, hut rapidly deetauposes iido watia* 
an<i naseont oxygen. Some of t lu* oxy’ua! atoms unift' to form 
ozone, whieh deeomposos loss rapidly than the peroxide*, h'or this 
reason, uncha' suitahle eomlit it>ns, hot h hvdrontai peroxide and (rzoia* 
may tieileteeted in the pi'oduets. 'I’In* t < nip<*rat urc* of t he oxy hvdro^e'ii 
flame has lu't'U del t*rmined as lyin' 4 ' hot weeii 2200 and 2000 B. aeronlin^ 
to the proportion of o\\een.“ 


'Phe (hiiulle Flame. ’ 


\ ujMiwaus zoNt 


NOH 

INNER ^OHI 


'The soo'alled ‘'wax of a eamlh* is a stdid fuel, with isirhon and 
huirooi ii as eondatshhle constituents. W laai oma* the candle has heen 
lighted, and eepiilihrium has < stahlisheei its* If, the 
wax at the foot of the wick undts h\ tie* heal 
radiated from the llanie, and ase’iuds the* wi»’k 
h\ t‘apillar\ attraetion. Arrived m the flame, if 
vapiirises with partial deeomp<»si! mn, vieltfmn a 
eomhust ihle ijasetais mass, appaia-nt to t In* out side* 
observer as a non inner By m 

sertine a she»rt, narrow e|ass tuheinto that pta 
tion of the* flame, tin* supply may he* lappe tl, ami 
the* vapours iymteei at the free end of tin* tuhe. 

As the vapours asci iul ! lu* e*one, sh)W eomhustiem 
lu-eins ami aeinnxt ur«* wit h a Id t le air takes plae'e .** 

At the aptsx of this <'om <*<»mhustion heipns Bj Ih’ 
vicurous, tor air has now eldfust'd towards it, ami 
the* tempe rature* rise's teOVaiils 1000 ( . Alaev i 

t his ape*\, ami feirminn also a t htn maid h* all remml 
the hawer portmiis eef th«M*‘me , is a hri'ddlv iiunin 
(ms nninfle. In tins n’20»u part lal e'omhusUoit is 
lakinif plaee- ami the temperature ranpjs fnun 
looo to I.'iOO ( . As the* lloVV towal'eis the 

mantle* the y me e t fre sh su|ipln’s td air te> enahh* 
to ensues I'his takes piaee ui what is terme-d Iho ntni Inniinons outer 
nnintie, ami it is m this ri*« 4 ion that tin* tlaim* is hotft'st. Here, teio, the 
heid wick, aireail) eharred, proje ets its end, whieh iHa'ome s eompletelv 



Idea a. 


{»ut» r surfaee of t his 
•emipli'li* eomhust ion 


^ emel Urjn, ‘pj. jlij, 2 {‘J 2 , 

' iHiarr, fmii ^ laen, X4tli. 

' S»'«' -mnieanv l»y S»eade»-!I'-’, I'tnn ., t’h*u\. Stw,, 1 H*rd (n, I’tT. 

* l‘*ranri'» li.irnu hum 'UhtI ll.uin' lmrn«ah Jii'Ui* \i<*|r}ifly I»»vv,U'«i.e (hf i<ieie*» 

fliita iie tlee- iih'IhIA Sijhn S^/h ttfuit!, m u XtiiariiH ui "i'f H i’an'Mll, Olid, 

llfll eel., |). !l|. Qiu*leel Oy Muuthedl'S fit. 

■’ liikaa'il, An milt lit lh.il, ():2, IJU ; Attnniiti, lhati, yy, dSll. 
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oxidised so that the services of smilthi'i-tmeK aiy ny Iniervr n. detu.uid. 
Just beucalh the wiek lies a small hlti,' m/u uumh e:!!i . y'>y 

tiiii^uislu'd but is t>i rt'lalivt* iuiiiii|H>rtAn Ji'-n.,: uj* ‘ uni 
of the eaiulle keeps the walls ef wav en.il and Ihii-, pr. y nt , 'full. rui . 

Cause of Luminosity. In ISIA lbi\\' ^ nI uti lii.i! f n.^- lujuni 

osity ot' a (‘aiHlln ilainc is due tn lln’ pn-M n«'>' <>! fninn!' p.irfi.aul 
carbon at white' hrat. ’riicsc j.i.rlicifs uyi-.- b. laM d I n b^ prudur-d nx 
iucoinpU'tc combustion of llu* hytirooarliu!! s.ipuin-. m fli- i • ii. f * * i 
supplies of air axailabh' within Itio llain.-. {jji- n "1 k-ipuiir. 

bc'ini*'prt'b'rcntiall\’ " itxidisftl ipoo p. 01 , [( iivin * tih »‘.n {d»!s f*. dali 
i‘or itsclt’. This thi'ory was yourrallx aoo, pi,ii na m.nix ' nd it 

was not until ISO? that a rixal throrv w.i . p!t*j't != d i'x ! i.oild.tnd, 
according to which the luniinosity t*l tic il.tnn i* tin- lu mdi.t-fiMUj 
tVoni tlt'iisc but iransparout li\dnu-arbou sap«»!n .. 

The re'lativc' merits and dt-inont^ <»!’ tlnsr th« t»ri* . in.i\ inu.i .id\.ni 
tagcously l>e. (‘ousideaxci by nwii-wim* a t^w ul tic iJCTt imp!»il.nit 
physico-chcinie'al plu'nonn na of lliinio. 

1. The deposition of soot U[u)n a odlil obj. ei uitr»»dtc»ri ndn a 
candlt' llanu' is a tainiliar (tbstarh to tic atlupfc.u «»! tin. uflcre.c.t 
con\'(‘ni('nt nu'thod of heating sncdl budn lie d. ptuiicrn .♦eni! . 
only when tin' objeet is heated in tic iuiuncei . /ici. , !ii- mo!. v iucj, 
iuiniiious inanth' in general yieliliic*; no soot. bin . w.r. aticinerd, n, , m,:; 
argument in faKour of the ('xisienee ol earbon. paiiieh . in fit- ll iin- . 
\\'hilst this is exactly what might lu- (Xpet^d in ueii rnrino.f oad 
it ^vould also result upon the dreoinposit cm ul d-n • h\d j u. •,( rbui* . 
urnh'r like treat meiit. I bncf ( his » ^ pi nnciit .don. i . m hi me c e.nn 
but h t lu'ories, and does not < nal >!<• a i ic.t im-i cai to b* m <d . 

li. ddie pri'l’ereiit ial theory ot eoinbustion i. lol no/. d . . 

corix'el., lia,\ ing gi\ til place to the more saled.tebax j . .<•<n il c*n th'oi . 
of Honi' (see p. (J.l), lint wlnKl l)a\ \ s tlcorv oi iniOino,]! . ! Mi ¬ 
loses a certain amount id’ support, it riisiv?*. aipporl iroiu ..Uj i* 
directions. Thus it is well known that lie Imdc r hx viroc.ii i n m . ..u e. pf 
to umhi'go dccompt>si( ion at high b iuj»» rat nn .. I n b elincxd pi.e Me 
this is ti'rmed crat'king." ami d is tpide eone. i\fhj .mdo mj. 
reactions might occur in a catulle ilauc'. 

fd. Wduii an inttiise imam ot light c. prop el, i| ,,n foe e.-ndi- il iiii* 
tiu' beam is lioth lient troni its on-janal dir*etioa and [H,i,uc. d.' b 
otliii* w’ords, Iht' llanu* helms es as ticHcdi it ut ro a furbid nc dium, fh tt 
is, out* containing minute partieh s, {rrnctl flc *hsp* r .- oh s , ilo ifnig 
about in a (‘ontimious pliase. 

It the diameters ot the disp, rse paitieh aipptr.^d .ple ic al ic 
bc'twccn tlu' limits tvl I and lOOpp Ipp in *'mnn? th- pu!cl' . an * ■! 
colloitl dimensions, ami tic* ilaine is cidionl.d. !t c. trnu'd a Inf!-.*:.,? a, 
l>ut not a .s7r//>i/(Miispcrsoid system by \on \\» uuarnd In a. laiT .x .1 m 
the particles wonltl not cliangtx whereas in a llaim Ilex eoii.l.infd 
disappear and arc as rnapieiitiy reiicweti. 

' See Davy, 7Ve7, 7Vm^s, Is!7, c 77. 

“ Sts': brniiklant!, I*rnr. Jitnf. Sur., Istis, i(,, iin ; sM» ?> |,a . ^ . 

FrankhiUfl (Sfjottiswnudc, Illoig, pp. SAi s m’ /.* i ; .i 

(Litmion, iSTT), p. anii. 

•* St‘nfll(‘lH‘n aiul Dciuslirt, /CuZ/Mf.//. u ,r/i., Icjn. 'u , e . 4 . , t ■. .. , , l-v*! 

64 , U)7. 

von Weiuiani, AmL trulf initu s P.Un, c, p,ut J, 
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Whilst, huwt‘\<‘r, t iiis ri'suil rh-aily iutlicatrs flu- iliphasir i'harai’tcr 
(>r tlir Iunui}<His /.oiH'; it <hn-s not iiulicatt* the iiatiirr ol* tlir <Iis|H'rsr 
phast*. lifiiar it docs Hot ouahh* a decision to he matie fu twerii I)a\y's 
ilu'nry and that oi' Fraukland. 

t. Siiniiarl), ind<cisi\e results are o!»tained h'v (he speet i < jseopie 
stud}' of the luminous /.one. A <-onlinuous hand of colour is ohser\ed, 
and this would ri'sult vslu-ther the iumimuis particles were solids or 
dense h\ iirtjearl H ju \apotirs. As is nuaitioned latei* isce p. H t ), even 
the tlame ot' hvaii’OLien hurniu'.*' in o\\ ‘,‘en und< r hi'‘h pressures \ ields 
a ennlinUiUis spe<‘trum, aiul in this ease t la- pi>ssihiht} of solid [Kirtielcs 
hein^ ])resent is entirely ruled out. 

a. d'he lutuimisil) ol'a flame can h«‘ <^re.ili\ mer! ased hv the nitre 
duetion ot’ soliti particles which l>e«stiite iut*a ndesef-nl d and the rapid 
eomhustiou of such su}»stane(’s as ‘‘U e non volatile solid o\idatioa 
produi'ts is usuall} aeeonipauu d h} hrilliant hnnniosil}. A {amiliar 
example is the eomhustiou of metallic mauiieaum. l»ut hyilroecu 
hums in o\} ecu under pressure with hi;di lunmioat}, so that solids an’ 
not essential to the phenomenon. 

From the l'or«Moin'» it will In evident that a det-isuiu hetween tlu' 
theories of l)a\} aia! 1‘h’anldaiul e.annot he easilv aiTived at. indeed, 
it is h} no nu aus impossihle tiiat l>oth tlu ori' s are ctM'reel m so I'ar as 
they oo. 'The old} la all} «s‘rtam hature is that tin- huumous /.one is 
diphasic.'• 

(and-KUs Flanu*. 

'i1ie coal 'S'ls tlanu is jU'aeiieall} a i»phe.i oi tie eandh llaiue, tor 
it ma} he divided into t hr« < analogous /oin aial the phenomena 
attendant upon ds liimmositv are eio-,e|\ similar to those alreadv 
det adt d. ^ 

Fx.umnafion ol the spectrum illumuiat in“, 'se. h ads to the euu • 
elUMuU that two superimposed riff et , must he efUisiflf r.'d.^ I'‘uslly, 
there' is I h» eout muotis ft lupj'rat lire spf et rum, eailsf t{ !»} t he meaudesecid 
particles lloatue* Ui the flame, and sissuhII}, a haini sp»etrum eaiised 
ptissddv h} the luminous partiehs m t h« ae| of hurmm* m the outii 
maid !e oT t h* flame, or {H-rhaps hv t la ir pr« h iiiet s t »l eomhusi lou. 

If an Is admitted inli> the heart »>f the tlaim m aitlieient (pianld}, 
tile humnosil} ’ suddf id} ilisapp« ars almost entusl}, and a llanie 
I'l sf inhliii!* that of pun h}dro*»*n is suits, nwnc' tf) the rapid com 
husinui tif the hv droearhoiis, im hmuiuuts partieh s ais .« parah d, and 
the l!am« , heue» ndeiisf Iv hot, is a I'onvi im ul t>ne to i uiph)} for heatim^ 
pitrposf s, sinee i! vo ids mi sfHit wlan madt to nupueu upon a eold 
ohfert, 'iMiis e. the priiieiph' of t lie litinseu huimr. | ht dame of whieli 
eonstsi s «»! two parts old}, hot h ot whieh art non Immnous, The inner 

^ .\ li< si I {•sie-sU'■!; ■--S liu - »‘!lei I i. m i h> -■•lUiiMO, nu nsU« • I'lU ns.iiUle 

“t ef -.f ti| f li*' iiM .m- 

if'.irut tliSStlr. -r.- illfhrl. / ; 1 ’ * 5 .0 S fI . I .H:' f / Ihf’S:., !'»»»> 

Srr hesfr.. . |s»l.. I . I S O., tSj. I , /’r./ l/ss . 1. 1 . S‘». 

Is.,, .lu. .ill , lUjO h. Va/se. } SS I It . stMUf-. i S;. I } HM.V t.’IIl 


80 


()XV<;kn. 


zone is c'ssrutinlly a mixlmv oi' unhnnu-d -.is uitli .ur.’ If i . u.inti-*i 
by radiation iVoni Ilu* ouUt/ onr, oiul nmnvs ni l> inp' r.iiar Umoi .ifuMif 
;K)0^ a little al)o\'e the no/./.h*, to lono ( . ;it tie .ip- \ 

combustion eominenees. 'riu* outn* /.iuir is e li.,f jn.nii 
<ras, tlu‘ tein}H‘ralnre of whieli may risf (o ahmii ( 

high as !T()() ' ]:;■>() C'h^ (bmbustioii is la it i.url^ isaiipa ? 

^('arhon monoxide nia\ aj){H‘ar anioie^N} t hr pr.Miur* , 
jirineipally as llu' rrsiiK of suddrn e.Htlin-' <•! thr il-.ni'j . 
tlia;t an ineamU'sei'id maiith' trmis {<» art in 
a]>[)reeial)l(‘ amounts ol (‘arl'on mim(>\Hlr tu 
depc'iids upon tlu‘ tyj>r ol hurnrr, and is md* | 
ofearlion monoxide in I ho ori-inal emahust d‘ir a . hff*- 
of 0 and ()0 per cent. 

Smithells Separator. Whrn a im\tur« (»i a romlMi .1 iM* 't v. iih 
air or oxygiai is burning at tiie mouth i>t .i tuhr, t i- e. a rt»u.!.mt 
tendom‘V tor t hr tl.um- !«> bark, fhr. 


t hi . V 

'.r.i j H . 

ndt a! 


h 


IV ra,|a: 
i t! n li i u 


ipp. ar-- 
i r.ur.* 

! ne ana 
oil' am* 

' 1 : nii f . 


COMPLETE 

COMBUSTION 


-CO, CQ^.Hyn;^Q 


partial 

COMBUSTION 


rf“C 0 RK 


eXjilosi\e trudriiev briii't ei amf • i art t d to fth 
eeloeity uith whirji tin -as. lan. nu\inrr p,r.s. . 
along t hr tnix-. l»\ aflpilm- fir r.lafnai to 

a,! 1 d 
. p..t 

If.' 

ju-a 


1 |~RUDBER TUBINQ 
^BUNSLN 
CHIMNEY 


Kk' 1. U)..Ttu* Siuithi'IIs 

Hcpanittir. 


• an, 

« a ! ii' ll.nn- , 
innnird |u..i 


tween IIt proportion ol n m tii* :a.r» 

ih<‘ rat r of llow. d is pov-ablr b».fi. .d ft|. 
ration of a llamr into if-» rt»mpi»n'n! par! 
cause when tlir r.dr (»!’ iImw mI In. -a,-, n. 
insiidieieiit 1 o inainl am t In a. (lubind mn al lln 
of the tutir, thr miirr portion ol fii« dani' r* 
to\\ards tlir orepn ol lli aipph ••! fin ’.ri, 
mixture, wlulst I hr out!r manik 
although rld'erblrd, is uiaun. m ! In 
tion. By prtntdni'f a eomd ml ion mad* fin fn{» . 
a loixil iuenasr is eaus« d in fin lal* of |!oa of 
the gas, and the reerding portion ol fin liana r.m 
lie arrested at this [Jt»m!. Tins n* fin prmripl. 
of the Snul hells Stparatoi'd w lueh mav !»■ r.iu 
\enielltly mad<' b\ hxuen with tin aid o! ,i pe r. 
of rubber t iibing, a short vdasstub' soui‘ n imb. , 
in length, on to the uo///J<* of a Huuseii burm r. \ s*eond, ’.*od. r ful*. 
is sli[)p(‘d over and iixed in position by niraiis ol a eMik. l ie t»‘p. oi 
the two glass lubes are proteetrd with uielal liiil to pa 
at A and B. Idu' gas is turned on bill ami igmt» d at th 
the ordinary Buusiai liame. By turminmlov\n fin 'ms 
the air supply, tlu* liame bei'ouies mist abb and fin 
recedes down tlu‘ tube taking up a fixrd pr»Mfnai at A. 
jiartial combustion only ensues, llu- pnaluets h*mg < tb ttf., IL, ami 
11.^0. In tile upper liame (‘omhustiim is reminsd roumt I 


!<, 


!'a.rluu-' 
fop, \ n ■ h 1 1 j 1 :' 
Old 'odaf in » 

lim« i |H 'ti 1 ii Hi 
\! tlu'. poiiif 


^ On Uu‘t'lu'ini*';!! rhatnjns tukiinj pl.io-m tin jnn* j .-.jn , . » l I.U> i , *i !• r,-, 
(Jhvm. Zoilr,, HIM, ii., UlTfl. < >ii thr vaiMU-ii •»! ntu ju jI lo. fn.n .n. i . nr* u i. v%an 
the cninpo.sUittn of the -asnouH mistuu' m tin- tl.mn-. •« . I's-, , |‘vn 

24, S2:t 

2 F('ry, (\)mpL rvml., llHia. 137, ‘lu‘i; L.ulrnluuv. ^ h> h:, .a?,. lUMf., n , | , \Ur-. 

ChviiL llioip i,, :\m ; \a’\\v>, ./. Nmi-. t'lum, lu-i , IsOg U. C ll 

15ain*r, ('<nnpt. rmil,, !'jn*a, Uns ; Uios, i.|y, {an/ 

^ Klingjiinl Mon-nlin, f V/w/a. /*«./, mia, i6f). lao 

*’ Snuihnlls and Imdc, Tnui^. (’lani. .Sm.-,, Isa.*, ni 'o{ s,. . >0. 

181)4, 65, (H):t ' ' ‘ ' • . 
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'Flu* rlTrcf IS \i-v\ hcaufiful if carried <>ul in a ilarki/acd rouin. 

A t‘uri(His has Ijts'U <lrs{‘ril)<'d f»y Prha' * in whiah a (lanu* 

is nhlaiiusl \ rry siniilar t<> the inner Uanie af the Smitiiells separatin’, 
'i'he expernneiit euiisists in h\in‘4' a niass 
i’himney o\tr the l)ase «>t’ a Bunsen Inirner, 
and a h«>ri/.tndat wns- an ineh or two ai)u\a* 
its upper end (liy. 11 j. It' the height of A 
al)u\a* the huniei’and the rah* of How td* nas 
are eorreelly a<ljuste(l. upon applying a liidd 
at (' the “,as hums with a pale i>lue llatufs 
and Insars a r*-seiuhlaner to the "‘fas i’ap 
of a uuuer’s la nip. 

When sodnun ehlonde is spi’inkhsl <in a 
elinvine i*oal tire a ejiaraet erist i<* hlue llaiiie 
results, uhi<'h is at t rdnit ai*h' to tin- presents- 
of salts of isvppi r orufinatiny in the pv riten in 
the eoai. Tins was denioiistralisi h\ Salet •’ 
wht>, in IMMi. utd oid\ idenlili«d the llanie 
spent nun as that ot et»pper elilornh , hut 
sueeeetied in separaluuf nietalhe etipper tisiiu 
the fuel ash, The <'oIour !s not due toe.arlion 
monoxide, t he f wo tlanif s h« m"njuit< »hs!inet 

MirrnptUHUc Mames. It lias r« ee*nf{\ he» n t)l*s r\ed h\ dt' Forest ^ 
that tlanie'sean hr t-iuploved tdriluss’t protiiu’fioM ol t«hphonie eiirreuts 
i>\ sound wa\a s. 

Luiniiinsity of tlu‘ Bunsen Flame.' Xh nfion has already been 
inadeoftli* faet tiiat t he nd rotlind ion of air nd t lie heart of t he flame 
tMiahles ra|ud eoinhuslion to take plaee udhoul tiie si-paratiou of 
hmimous p.irtielrs, so that tlie Bunsen li.une temis to lose the lumiuosity 
eharaet erist n* of eoai iFU'., ddiis, hi)W«-\{ r, is not tlie i-ntire eause ; 
there an sr\eral rt»idrihutm*y faetors. l'*{U’ example, the an* mirodueed 
into the lianie is eold ami thus ti-mK to eool the wholis Aipdn. the 
formation of intermediate lunnnous hoiin-s e, retarded hy the nitrogen 
wfiii’h serves as a pure- tlilmad and elevaf«s the trinperature ni'eessnrv 
to effeet the parti.al deeiHupeisttton ol the h)droearhoas. 

Inllueiui* of 'rein|>craturi‘ upon LuuiinoHity. 

'The higher the t < mp» rat lire of a llame, th* gnatrr will heroine its 
iummosdv, the ehange Im ing due to a gem ra! shortening of tlie wave* 
lenidh of flu railiation. 'Fins ran he readily fi< imaistrated hy a i’om* 
parison of the llaim s pisniueed hy the eomhustiou ol eold ami heatfd 
eoai gas resp. rtivi ly ; f>y tmrmng phosphorus or earlNiu disulpliitie in 
air ami m oxygen respng i v ely, an atiuosphen" of the latter gas rausing 
a ladter ami luaghler tlame. 

* Prirr. /oii'., l!.r,'*x lju, | iu, .S|«}isd dr'irn!sr*| .\leiauen 

itiiii, l!d:\ jfvii 

® I s‘jM, i m, rs;,’, i-.nlirr «le!‘’u->'(iMjrj tty < d^d-itMius 

Isr,'!, .f.p -if; , \hilFa. .if-.:,;:. . IsVt'., I l-ls. 

' Nliijilirir,, Aaf'trs Fe’r. itaj, ;it ui-vt \V. Huvgi»"r dag , |» UHIi ; .MrftMin da'if., 

|.t tWM ; ;iud F»hs Ig, glU. 

® d." Fmitu. Aar.s., lu. v:ia, 

'* Oii ilir !!ijiiiur->ay fh*- Faaeit'U tlfUius -sr*- HsiIh'I' aiei Itir'lensli, Znintis, 
t7a‘w,, ; hiiey, phtfnknL fh-m,, ilHis, tKIM. 

« J. ,s'.hs rhtni. inJ.. tyuLxAn 2:u. 


X, ) 

t'H., It. I‘ncr’ i r\|»»'ruueia 
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The calculatiun of the iiame tetnperat ui e h .r < i 

iikc hydrogen, earlum muiuj\i<ir, ur ue tet nr- -i .n . po 

a sini})le problem siner I he apparentlv^ o.. 

heat of combustion and the sf»*<aiie iif.ii' «'i i.1^*00 : 

calculations always yield \ er\ hmn r* suits niiieu 
by dirt'cl experimental mi'asur* ni« nt 1 ir 01 r e 

due to a combinal ion of si\ era! e;ni’-»Un ;:e> • ea; ’ .a ■ s':, 

of the danu' the products are partudl) de, ■< h-i.i t, d,' <** :: « 

is not comf)Iete in th(' llaine. 'bln sp» .ane ii. .d . - ; . : j 

ris('in teinperat nr<‘, s(» I hat tie valu' idn.jUM.) .d t'; r.'.ii; , 

ture for t}u‘ speeith* heat is hn> h»\v. In .ni»idi**n f.. ii. ! . 

another contributor) l’aett»r is tie- h* - «»! b- ii i nn,.!,..? . -1 

l)c vc'ry considerabh' esen in non bnnniou . llaiif. vdio ,1 fip 
present^' ot an excess i>i t lie *'-oijtpMj ti r oi e.aabn a i* t.o oiO, 
instantanc’ons chara<'ter oi tie- eMndaidion om!,;.* ! 

accuracy ol' the cahadatiom- 

A c’onveiiient nii’thod of d< {• rinniina, to t iao-o ?i.! <u 
iiame consists'* in inserting a thin wn. .a e :;i ? ; 

gold or platinum, inie» t lie llame .lUi! « a nua! :i' ' in : 

p3'rometer. I'he loss of heat oee.sa«»ipd le in ids.a . 

compensated for b\ raising tbi‘ wir to !!.■ ono- rena! o, 

an clt'clric eurri’ul. When the wir- h e, r .f ii .1 ?h ? 

as tlu' llame there is no dep(»sitiiai t*! isnbt«n. 1 .0 ^ .1 

exceed 1 mm. in diameter. 


laliuence of Pressure on the iauuinositv td h lames. 

Krankland liurned six stearin eaudh in t ii ini-ena '.o l lo ■ e,j. 

six afterwards in a tent on the top ot Ml. lUane. ’I'h .i.‘ i - i"V o; 
w(‘ight were: 

At Chamounix . . . u t ■ r.nu . p^ j if»n. 

Summit of Mt. I bane . . ‘a ‘J 

Attributing the small tliffereurr ti* \ .tii.UiMn in I* lisp i.one | 1 aiL 
laud eoncluded that 

iJiC Tdiv (tf vnuihusliiiH (tj a ctiNtllt is ra/or/fi nuh .f / f ,e - id/ 

<}/ IlfV tiir. 

lie explained tlu' result as folhovs : In tin eMUibu .lan! *•! . 1 . e ia h a 'U 
radiant heat from the llame hrst in< It s f he w .1 x, .uel tin., i In < .p < Ji e > 
action of the wick, rises iut(» the llame. l! ihu . » wd- of lb a ii * r e* 
of consumption of the wax is eutin ls depi nflent np<*!i f ie e ipili ii i! 
oi the wick, jirosided the htat ratliated Iroiu fie iLuu 5 . anb* ;• ni 
to maintain the supply li^pnd fuel and to rt r.n P . 

near tlut apixx of the cotton. Sinei- eapillar^ v. luii .iia • !> .| I.; 

variations in atmospheric jusssure, ami as tie f» iii|t 1.1 m a. , If u** * 
indc]K‘mlcnt of the same inilueiiet . it i-, eh .0 fli.if le ifia i 
will ^'arNp and llic abo\<‘ cuiistane) in rat* m! eoml .<* a mo i o* 
anticipated. 

^ Compare Maher and uthtas, pht^. ihii. t , laiia, I _ r,.1 

“ Brit, /l.swr. Biparl-n^ lllUH, pp. .’MU, UU.» ; IUmp. p, gpj, Ia|»‘, p.- r» < i*. >. 
vSenfUeheii ami BemnUnt* Bhpfiihil. Zntst'h,, Pals. 29, Iso 

^ Frankland, iCxp< rifiu’utfil /i.V,Hf «;r/a > (hoution, IhTT ?, p, sp. 



'I’fiK {‘fiMMirvL pj:<U’KirriKs OF nxv^acx. h:i 

Durm** Ills r\|i<Tiiufiifs on Ml. lUanc, Fraiikfaiul was imprcsstHi with 
llu‘ small aiimim! t»r liuht (‘mittrd Iw 1 ho t*amllrs. Thr iimrr lalur /amr 
\vas cxI riuh th aiul 111 <• st/.o ni" t hr inmimms /unr proporf ioiiatrK rrdimrd. 
I poll rrlurnmr \n Ismrlami hr rorrird out a srrirs of phot omrf rit’ 
iHfasnrrmrnIN wdh ri)alafas ilamr, mid drdurrd (tir law that 

flit' ilhiunuiitin;^ p>n.tr is pr>»pnriinfitii ft, the 

i(uuU(utitiu lit fith:KsjtiieHe pft'.ssnre, 

dawn (oa niimninm ol ahout It inrhrs <jf mrrrurs. I’oriwriw inrh tall 
in pirssurr of Ihi- atiuosphrrr, thi- luminosity t. I’h niidta* I hr part irular 
I'omhtions of (hr rxprriunnts, h\ :,-I p.r nrul. Thus, a c|Uantit\ of 
t’oal .uas vdnrh in London u..uid \ n Id a Indd rtpial ft, lui) randjrs wtmid, 
if hurnrd in Mmurln inw an dhmunat nn,( . fhrt rpual to httlr nmrr than 
!H candh s ; uhiKt in Mr\jro its hnnnnrat\ ut»ul,{ hr r* (liU'tii to iJLo 
raiidlrs thrsr niuiihriw htin*' imlt }I. ndt ni ot t hr riiamn" *»!' \olumr 
ol !!}<’<•( ,al nas hy t h< isduoitt pr« s%urr. 

I%\prrmn Ilfs wrrr nr\t rarrntl out on (hr mtlurms of romprrssion. 

I his ^^a^ a tlilhridf task tt» t \rru}»- sat istart oril> , tor d was soon ioumi 
that an> rt u isn Irra hlr tmasasr (,1 pn ssun rausrd lutth omidi, ami tul 
llaiurs to Miiukt . 1‘ranklaiuj ffitis iorr thrnit ii to « mp}o\ tlanirs that 
''an hut h rhi\ luminous at i»i'diuar\ pr, smijs . In tin* rvprrimriits 
hrtwtfu afnittspIni'M' ami tw,, at nn tsphrrrs^ |irt ssur* , a lamp t'rd with 
am\ 1 aloohoj was usrd. \s, thtsMut,krd at stnnri\haf hiidita' prrssurrs, a 
mixlnir < »1 a parts rfh\I airohol with I <>1 am\ i w,is rmployrd. d'lus 
had no appr< riahlr lilmmnatnn' powrr at onimatw (us ssinv. 

It \\as found that t hr saiitr law h« hi as tor dmmmljonol prissur**, 
nn uppc'r hunt h. nn‘ r. aria d at ahout f hr. . atniosphrrrs. ajtrr whmh t hr 
ohsriwrd hinnnosd\ rapidh inrrrasrd, 

d*hr rt suits ohfauu d ma\ lu fn’»nprd as follows ; 


'LIIK INFLI KNCK 


OF PRKSSIKF 

il rankl imh |.“s'; 


I LIMINOSITV. 


aa ra 
|4 t,. I, 

< ■ <04h.i-.nf’l'- 

«n.o a 

1 ':),!< tllal rt| 


1 auuij}. % 

l.tUUUS' < ill \ 

1 

t ..al -as 

Uni 

ttJU 


\ m V 1 air, *|i, .1 
a pal'f s 1 f h\ 1 al' ohol r. if h 




I pal I aim 1 airohol , 

im, 

mh; 

1 

do. 

uyj 

aatl 


’■^nah sr-., ot i srapma nasrs from two isrndl! s hnmuin nud* r diflrmil 
piv's-mirs vn Id. d similar rr-mlts^ .,n,i -.how, ,| fhaf th.Tr was no rsrapr o| 
n nr. lira 11 n. »f rond msf d \ .ti lot 11 . t ohm «pi. nt 1 s 

m/ in itiiefirtl tiffn^r.pht ies i\ ;n,f due in iinperfeel 

t'iti'ih,! i It tie 

Oit till I.till ! ii.iiiii, .■..min. •,,11111 l. ii,!-. ti, 1,11.1,1 111, .■,,!uliii..lmii 1. 
fiiuijil.'tr. X, if 1,1 1 - ,s tl„ ndii,-. il liimih..'.il> I in, 111 .1 (.ill 1,1 IriaiiiT.itm-t , 

* r.| Ui,, m-iit'-,. 
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for alth()UjL!;’il a I’all dors fakr }»iarr. it i-, Ihif %n la : .ii 

for tlu‘ wliok' (•han‘ 4 '(‘J It apprars (o di pt iid “ rha ili, ' r.a 
upon the rc'ady access of aliiu)sj)}irric owia ii h». itr if . ta.opt 
cxcliisioii from, Ihc infrrior (>{'t hr jlajur." 

Franklaiid also iii\f si it»-a{rd I hr inilui iii-r ni po s .o' . oomu Ui 
hustiou of hydron'i'ii in owLi’rn. At lo afui»»N]>h! r. ^ i.h li dj* ; 
brii»‘hl, and (he s}>rctrum roidiiiuniis IVmiu rrd !•» ^'"I f ^ 
monoxide, wiiieli nornially hnrus with a ti > 1»1\ iniunitri . il.rr , h 
even more' Inminous at hi^li j>rrssurrs titan a fl.oia »»i lodr**''. a 
same dinuaisions.- 

d'he (Aaiio^cii Kianie. 


'riu‘ phenomena alttaalard upon t h* r< .luhnJ i. .a .a r. a..,' a <a 
Smiihells separator ari‘ distinetiy Inaut tl'nl. ‘ Th- il.mr mI r\.inM,r a- 
l)urnino at IJie lur/zh' <’onsisls ot two parts, (sarn ie, ra jon-i ...ji 
of hri^dd p(‘aehd)l(Kssom tint, and an onf* r rom- shado! ' *ai' ir.ao htr;di’ 
blu(‘ to o'reetnsh On iatnulurm!! an* Hif<» fie J -m. fii. uim. r 

cone diniinisht‘s in size and <lrs(‘rnds t hr t»idrr \u\» lie in , \\ hil.' 

tins j>roe(‘SS ol deta<*hmrid, ho\^r\rt^ is m pro''{s Mi ici ! t .i ^ 

scx'ii to b(‘ surroumh'd by a rosy halo, vvlnrh -.Idl adle i . '>» if . ii v f la 
deseeid, but disappears upon mt r\ (tfumrrair, to to-^ ahse* .f iiu.ui d i 
rc‘[>laeed i)y a bine halo, d'hr whoir oi tins tini* fie «»?;? r r.iit. i mi < : , 
unaltt'red. hurt her addit ion td air cans's ! If ouf - r «, .u !*td: 'pi' o, 

whilst. Hu* inner one now breonn*s more bim-. and d , h. !*» . ( •I'iii. 

^•reeiu'i tinl.'^ 

Dixon has shown that I hr rat < of r \ ph )si. .n . a rv a n* > ■; .a ’.Mi.r, 
reaelu‘s a niaxiinum when Hu* iwo pasisais pn nf iit naM . ul j,. pj,, 
portions, t'urthri* addition of owi^ru isihirr*. tie \tlo.if\, fir ' s*!, 
oXN'.H't n art m !4 as a dihn nf, ped hk* .n.nl! d - , 
su(*h as nitiourn, mudd b. r\p>i f»d Im d.» I? 
apprars, thrrrtorr, tiuit flu lird piMourf oi « >aj< 
tjustion is carbon nunioxuh , wdb !d* !..da>n, m 1 
nit ro^rii. 

fC N ). i ). ‘di () \ 

d'his is tbr main r» a.rf mn m Mr ii.aj, j i *,;. 
of prarh blossom tint. If is lolhiw. d mfh 'Ui!, r 
cone, by t ht* romfuist u»u of rarbt m iumJj. • % id , a!t.i 
the j^rrenisb frinpn-alhnird fuabov. r. a,tfnbnf.< d 
to tbr prrs<-nrr of small t|u.inlitu s ».} ..sulr, t.| 
nit roii^rn. 

Reciprocu! < lotuluistton. 

From Mir forri.unnp d is rh ar Hrd a llanr 
Fin. 1:2.—Hfciprara! n*sultin^ from rbrmiral arfion jun .! |.^ i. eud .i 

uninlm.slion. as a meeting prrouiui brlwi'ai r.anlriJidL .a,,, . 

a rr^doil uluav rModifa.Iu.n f |,|" 

«v<l,uu-w.ll,,ir,ra|.:,a,vily. For 1 hr sakr uf run^. , ,r. r. ,• 

as a supporlrr ol coiulanal ion. ami coiil ■.■as as th.- !„a 



‘ .Sec iil-sii Ulilieliilidc iinil .•Viiilwiuulier, ./. i.|] 

^ Franklaiul, hir. r/ 7 ., a, ‘JOT. 


• 8ec 8aiiitu‘IlH and Uaiii, Tnms. rpsup 
ry.;, ihonuipdi HUuly of the <-yHUn^rn.iur uud 

ZciiscL pki/sikuL (Jhvm,, IDM, H8, dUl. . pjM'U, 
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But this is simply a convention, and if a glass globe be filled with coal 
gas, as in fig. 12 , and ignited at B to prevent its free esea]:)e into tlie 
room—a lighted ta|)er may be made to ascend A and ignite the air 
drawn l)y suction n|) the tube. This is air l)urning in an atmosphere of 
coal gasA 

Combustion of Carbon Monoxide. 

From the time of Lavoisier until 1880, tlu^ com])iistion of carbon 
monoxide w\as regarded as a simple oxidation ])ro(‘(‘ss conp^ktciy re]n’e- 
sented ))y the equation 

2 C 0 + 0 ,- 2 C 0 o. 

In the latter year, liowever, Dixon,^ in his addrc'ss to the Chemical 
Section of the British Association, made the startling announeement 
that when an c'leetrie spark is passed throngli a, thoroughly dried 
mixture of two volumes of carbon monoxide and one volume of oxygen, 
no explosion i$ caiised. The introduction of a small quantity of watcir- 
vapour suffices to determine tlie explosion, Avhich gains in intcaisity up 
to a certain point witli imu'easing amounts of water. Gas(‘s like 
HgS, € 2114 , NILj, llCl, and eth(‘r-\'aj)our a.ct like watc^r, but SO 2 , COo, 
CS 2 , C 2 N 0 , CCf, do not, if yxa’feetly dry. It seems clear, thercl‘orc‘, that 
such substances as will form st(‘ain undcT tlu^ (‘onditions of the c‘xpc‘riment 
are capable of dct.caanining the c^xplosion. 

In order to explain these results, Dixon sugg(‘stc‘(l that “ thc‘ carl)on 
monoxide is oxidis(‘d by tlie stc‘ain in the ])ath of the s})ark, and that the 
hydrogen set fr(‘C‘ unites with oxygen to form stc‘am at a high t(an])era- 
ture.” The steam thus acts as an oxygen (*arri(‘r itscll’, undcagoing 
successive oxidation and reduction as follows : 

(i) 2 ( O I- 2 OII 0 - 2 CX).>^h 

(ii) 2ll2+0.>==2n20. 

Moritz Traubc ^ rejected this (‘X})Ia.nation on the ground that earl)on 
monoxide does not dc!C.ompos(‘ steam at tlie t(anp(‘ratur(‘ of tlu^ deetric^ 
spark, for reaction (i) is reversible and under tlu‘se conditions j)roec*c‘ds 
in the dirc'ction right to left. 

This objection, howc.‘Ver, is not valid, for, whatcn'ca' tlu‘ temperature, 
the law of mass action recpiires that de(inite% eweai if small, amemnts of 
carbon dioxide anel hydrogen shall e>xist in e‘([uili})rium with the‘ other 
gases in tl\e‘ system. Heaice, if for any re^ason the ])artial ])r(‘ssure‘ of 
the car])on dioxide or liydrogeai falls below that r(‘(jnire‘d for (‘(juilil)rium, 
it is always ])Ossiblci for rcaetiou (i) to proceed, c^veai at higti teanpera- 
tnres, in the direetion e)f left to right, Tranbe e‘X])lain(‘d the‘ reaction, 
liowever, on the assum])tion that the funetion of the steam is to unites 
with one atom of tlu^ oxygen moleeule% the se‘Cond atom Ix'ing oeenpic‘d 
in the oxidation of tlie carbon monoxides Tims 

C O [ O : o 1 OII2-CO2 + H2O2. 

^ A variation of this ex[Kriincnt is givem hy Thomsen, Chfnn. Nmos, 1871, 23 , 288. 

“ Dixon, B.A. RejportSy 1880, p. 503; Ohem. Newfi, 1882, 46 , 151 ; Pint. Prftth'i.y 1884, 
175 , 5*F) ; Trems. Cliem. Roc., 1880, 49 , 05. 

Dixon, Tra7h^. Che.m. Roc., 1880, 49 , 05. 

Traube, Ber., 1882, 15 , 006. 
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The Itydron^'cn pt^roxidi* is Ihm rfdui* d " ' ’ ; ■ 

nioiu)xidc‘ 

('() 11 j). i i h n *0 

This is renniusi‘{*nt of Ihr Ih’t mIi. S. ‘ • • ; ; . : 

lion (s(‘(‘ {). 55), ;ind in supinut of i! n;. i ; 

hydro^if'en peroxidt- <\Mn 1 h dili>‘l<d ■ > .. ,, 

idlowed 1{) hni'ii in nir, lln- ll.in-. :■* i!: , 

siirlhec of wafer. 

d'lu' sui»’i‘'esl i<ni lias als<j h* i-n mad- !h.i’ e !- i*-.. , , • || ( 

may lx* rornied inl< run «lialely, Mijcf \<\ .dO*--!’ : ' 

monoxide fo impin*^'* on a eold, ({ihif> Miiii'a.?- ; hi., 

pofassimn hydroxid<\ a pia-eipifal. is Mfo.'ih. ,f 
yieldc'd on adding pofassimn j a I’e.i rdMO.-f - 

(‘hloridth^ ddie eom})nsli<ni wouOl fine, pi^ aim d.! i- ,i i., 

ICO ;u>,. -I! J) ::H ,i u. . 

CO n.X 11 n :;i ( ; , 

ddu' (wideliee is no! ('oiielusn - , In.e . ,a*, '• , ,, 

o}>(ained with IlydroLj'en peroxidf m fh- ,.r , !,»■ , , 

salt sohil ion. So (In* aho\ e f esf me hi v . 11 a -a: >i 'a:*' 
in la\'onr of'i'rauhe's theory, 

d'ln* mere fael (hat hydntjen p* itihnl* i’.;u hi- a ? : wal i- 
manner is no proof t ha! it pla\s stirh an mip«a f.ail p.a ? a> d ju -,a: 
as d'rauht* su^'^ests. Arnistmm'; ' am'**’* eilh Or.MO !f i •. * i 
in(er-a_i^’en(, hut whilst Dixon eonsidrrs th.d iC. a i- . ..-u a’ 

to tli(‘ carbon moinexith' moli<*nlr, hhrralur' ir-• ii\do. : \'!- h 

sucfoc'sts that tin* oxidation of the earlnm mun.«ud- o. fi .. < 

1 h(‘w’at (‘I* is depeiuhait upon I he aZ/o/setm •, M\ni.ha-h .«! fa it. ii. 
ol the* wafer h\' the fna* oxygen. *rhns f ht Jal* , b. i.n ? d i 
(‘Xplosion may he r<‘pn-sen(<'d h\ the sehi iuea ; 

b> n..O (O OH , Ol O 

1 afni 

H,0 ( o OH Ol o 

iOcforel , 

Von Wnrlciiliorir nnd Sic..; sln,n;:h MipjiMrl . a,.,., 

siigjrcst: llic following s<'licnn. : 

(1) 'I’lic fornuilion of forniic ni'id 

CO 11,0 11. ( ooii, 

The prodnctioii of Ihis acid as an int. rnc dial,. lo.aii, i .iiiin,.' 
conihnstiou ol carlion mnanxidi- «as lii il I. Wi. i..,,! 

1!)12. The llanic of Hic hurtling gas «,is .,ll.,«,a !o nnocr . -d.!., 
iiiul lorniic acid wtis lound in sulnlimi in (In «at« f, 

(2) Ihc lltcrnial dccoin|iusil iun uf fornne ai-nl uitu . ,ii,. 

and hydrogen, holh of which gases cm hr drlrri. d ; 

H.coon ((>, H., 


* ('onutuni 1111,1 V.III iliuisi-ii. Kt, U, is-,,, 

me/., IK!) 7 , 124, 2 . lir.l ; Sn.nl.. 1 S 1 I 7 . u, ' 

“ Arin.siron;/, Traus, (lum, Sta'., isso, ,|{). I|;', 

•* von \\art(*nlH’rjL; and IniMi, wi i 

‘ WieUnd, ihuL lillg, 45. (J 7 !). ’ '' 




'lino CHMMirAL PHI UMOirrnOS (U** {>\M.*!0X. 
'I'his is io}I(»Ufd hy 

(.1) 'Ffu’ priHiurfion <>1’ hydn>;n n |trrn\i«ir : 

H, . i), II .n., 

and I t ) Dotsmi|H»sit inn itito wain* and liwan n : 

ill), ill) O. 


Ilnur ^ has stdi furtlur di\r{u|»rii DiSiat s tfanr>. Hr |M»uds uu! 
that Ihr llainr d' hydn»«n n hurniny in air n, ^anallrr and '' shar|H r 
than a tlanir d carhnn iunni)\iiha htirnmy at Uir .anir uriiiri and inulf r 
the sanii pivsMuv. 1‘hr landuid nharantn ,,r Hu laff. r llani. .anr.v..K 
a slnurr Inirnuii^^ ;ras than hsilmj^.n. A-am. h\dnr;.. j, air nu\!nivs 
hav(‘ luuri nrndiun t mnprrat luvs than (Dau nirUnns ra, p. I | n |. 
wiulst thr nriMiimiu tlann spr. d nf t hr h.rni. r is iumi-. than . i-hf tinirs 
that nl fhr iattfT |i, i‘iai. l'uiall\. Ihiiir and Ha\^ard ha\r -.lanMi 

tliat ulirn i'nnvspondmif il .-air and ft) air nn\lm. , .ns rxjlndrd in 
nh.srd \rssris. | hr pn NMlfr rapudlv Tisrs \n a niaMJUnm 111 f Im ras. nf 
h\diti!n n, hut nnirh lunrr with narhnn iunntJ\idr, 

ni nnl\ I prr r.-nf. nf hvtimprn in tin ( n air nuxtur. 
acfi’lrrat. s thr attaininrut ni' masiruiim pr. van*. . \I1 of 

indinatr that <*arhnn innuuMdr n. n.,t rapat»h 
as h>jlrn‘,f( n undi r t h« %»• rnuddiun*.. 

Hnnr tinnt’urr sup.r, sts that owjn u 
ruuntiuniiu’: in tu.» distinct wa\s. naiurl\ 
mnh'culr i ) and in i as dissnriatrd alnmir O. 

An uinhssocjatrd niulrrulr, (Mi tH'inp rai asi tn a 'aii!ii-n uU\ hiph 
t(’mprrat urr, is pivainird capahlr ctd \i-rtnipits latm! \ ah mar and nt 
('ninhuumt udh tw<» hvdnnnn mahrtdrs witfuMif ifsrh hrrcMinny 
disrupt <•( f. i hus thr unsf ahlr iSMiipIr s 11 j(), < u- 


i'hr addit uMt 
I rr\ at h 
f In * pi ant 
nl hnm^ i»\idI-.rd ‘.ii rradd\ 

in 11 a l m . I . r a p a h {t n i 
u } as t hr nndi ss« H'la t rd 


II 

() 

II 

ai 

o' 

II 


is nmmi ut.irtl\ htruK ii. 'I'liisaitiui % ■ r, in-.t.uitl\ lift .»L'. tluvvii, \ irliltii'' 
in i.arl Its .■Mdslitu, i,t . l. nnnts, ii, l|„ inrui ..1 i.s.ln..., !, ,,...1. .-hI. •, and’ 
iipliur a ; an.I la j,:,,-! as aas.s at . .r art n at r, i ■.t.aai aa.|r.-u!rs. 

I has 

i(iiiH,o., "aiidr ‘-hitHt ?</(<>; n,j. 

Ihi- laaj'aittiih-ttf tii,. rata, a itiMi a i will ..lnaaislv <1. i.. a.l un.ia 
thr- <-..a.iitn.as j.r.-v ailia;; at thr m..(u.at. Th. hf.;l..|- t(,. t. ain.ral tir.' 
aiKl thr siualhr tla- hyilr.ij'.a n.ar. at cati.ia, Ih. l.,u. i- i*. tla \alar tur «, 
Owa. a and rai li.ia aam.Aair. ii..u. \rr. iir. na-ardi .{ as lar ij.al.ii 
al assariatiar ui tla ah.n.- atana. r, tla ir aiah ruh s 1.. la;' iiiatnully 
im I m tlamrs. Ih-tnrr thr (’arhuii unMnividr i'lHi timlrfcu HXidaftun, 
Ihr i.Kya.a amst nthn- havr .itss.,r,atr.i, i.v hr m Ih. tuna ..f sniur 


1 


hirijr It .1 *,4 j|f, I, /'r..- ^ _ | ftt'i. 1*7 

Tranu, PUo, -U5, l*7o. 


al3»|rst 



ss 


aXYuKX. 


activated or naKcent eonifnauMi ^la/h as flu 
above, Tlnis, whilst Iht* rrartitiu 

21’O i-11 

earhoo liluxidt- can nan hi} i» 
('(> 
t‘0 


following wa}'s 




i/o. 


: O 

: OH, ( O. il ,, 

dvti%.ii a. 

The foregoing llu‘ory nsHavts indns*-! Htioin 
lesearelie.s. hor (‘Xainphx IhissalH- rausMi imns 
and naset'id oxygen fa earue jnf«i aafOrat. 
exploding eiduT with a spark ar In fa aim- in . 


rf Pm 

■t lO I. 

I'ir. . 
ai ai!' 


Oh 
' r ,1 


f hi 

o; 

\ll 


01 eliloruu‘ |)t‘roxid(‘ aiai (‘arlamv! snlpludf . li j , 
explosion^ ex(*rh‘d vtaw eonsithTahh' intlinms m hn., 
eomhirnvtion of carbon inoiu*xidc ami n. fbs i 

clmdf whctluT tiir rlTc-t was .iir.ft ur -'.iu. !i. 

action of the ‘thini sulistanff.'" l!iil n a,,a , >( ,, 
very plansiiy cxiilaiKition is .-liaHv to l,,,ia! loi r:, 

More recently l-an,irniuir * has dirrrtrt! ,,tt,ul,on 
oxygen wlien^ hronghi info eonlael wilh .-..rhon rnotee.., 
platinum nipidly oxidises it to earhon dioxid.s i om. i 
monoxide iimnediately reaets with adsorh.,! os. e .. 

... ... 

KquiUbrlmn ico co 

■loi-t ih *y of thisreaetion Mas ilisro., i, ,1 tn , j 

Tf , ,i ... V t. . 

I.™ ..illXo::; .- e '•^ ■ 'i 


■ I 

. ! f . 
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These results refer to atmospheric pressure, and K is calculated from 
a modification of Le Chatelier’s formula, namely: 


38*055+2-02T—0-0031T- 


2T 


flogeP+lo^ 




:K. 


where T is the absolute temperature, and Cj and Cg are as defined in 
the table. P in this ease is unity so that log^P disappears. 

No matter how high the temperature, theory demands tlic existence 
of a small but definite quantity of carbon dioxide in equilibrium with 
the monoxide. 

xA study of the vc^locity of reduction of carbon dioxide carbon at 
850° C. shows that the reaction is monomolecular, and tlic same is true 
for the reverse reaction, namety the decomposition of carbon monoxide, 
which, however, proceeds 166 times more slowl^^ Undoubtedly, 
therefore, the reactions arc essentially surface phenomena, the rates 
varying directly with the partial pressure of the gas in cither case. 
Since the decomposition of carbon monoxide is aecom|)anied by a reduc¬ 
tion in volume, increase of ])ressurc should facilitate the redaction at 
constant temperature, and shift the equilibrium 

2CO:^CO.+C 


in the direction left to right. TJiat such is the case is shown by the 
following data : ^ 


Temperature, 

° 0 . 

Pressure in 
Atmospheres. 

00 . 

per cent. 

CO 

per cent. 

800 

1*23 

16*12 

83*88 


2*10 

22*85 

77*15 


3*05 

28*40 

71*60 

900 

()-65 

2*17 

97*80 


2*90 

9*05 

90*95 

1000 

0*66 

0*65 

99*35 


0*93 

0*72 

99*28 


2-02 

1*63 

98*37 


3*08 

2*77 

97*23 


3*78 

3*17 

96*83 

1100 

1*33 

0*35 

99*65 


3*61 

0*92 

99*08 


The Equilibrium GO+H20::^C02+Ho. 

When hydrocarbon gases are fired with oxygen in cc.Ttain |)roportions 
the cooled products cot\sist of hydrogen, water, and the oxides of 

^ Rhead and Wheeler, loc. cit. For a study of the equilibrium between oxygon and 
the oxides of carbon, see Haber and Lc Rossignol, Zeitsch. physikal Cheni., 1909, 66 , 181 ; 
Haber and Hodsman, ibid., 1909, 67 , 34S. 
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earlHin in \':iriuiis iirupiTfinns. 1 in 

the (lilTerciit l■ollslilurIll■. i-- iii' n I'.' 


wlui’r K/ i"' I < |iul|}‘J iUUi t ■. .!i' t ^ ■ ti! .m i l t; - ! . . i I , ! 

l)i XOll * (tl)t .‘iilltM I i hr \ hit ■ K * I r* i :r, I l ; l u* . ' * ^ . i. t . ; i • . i» i: i, 

()(’ mi \l Ul'rs )Ul ;uni rill r;t rht ill 1 rn t?i( »\ j, h , h;< 11»(< ■ ■ ' ' ‘ , * I ' .. 

wns suppoli r<I hy i hr in siih ^ 11! Sin'* }i> hi 1 r ■ • - • •‘Mi:.!, *.i r, 

of (hr illtrrriiiril iriN* S <il h\'irur.fiht'r ;:''l .r ‘ - 

coiilinurd l)y Anhrr\\.'‘ \\h‘' '>iU*!r*i Hr ttruh.i < -i.r- 

t^^asrs in nXN'^'rii aiul oh(;niir«i s.thr •- l*'.'" K rrr ■•■•t ■ t .< I. ’<» I !'/ 

i lu‘ HU‘all N'aiur fnr sr\ rral st lars <»! r \pr nna i tt • i * in; :i. f , , I: 

OwiiiL!; tt> rxjirriiuriii al liiiliruj} a-. a hint *1 r- < •] .,»o..■>!,’> i. 
not to iir rxprrtrd, and lh<' ahut\r r--.nli . urn h r. ■ -i 
r(*asonal)lr an'rrriurni. hrian Amir; r. % rt aUi -. i’ vvtrr. : a *1. n 'i 

valut' of K/ is lanp’ly intii'prmi* n? »•! ffir usit!.’! ■ .* a tr ' ■ .s . 

(‘arhon-oxy^iirn niixtnrr and rl’ 1 ht p!< .an'> »•! 'h i . i a i • nn 

I(i is apparridly, llu rrhirr. al-t. lar’a K ind p; u,i r* > ; nr 

llainr trinprraturr, sincr (lus 'Annid i.tri r. nn !u nr . u? -! ir ; 
position oi’ tlir niixturr In hr rnnt. ti. I h «'r l:« .;.u . , r..-,. , . - . 

rhanr'r wit h trniprrat urr is t (* lit t \p*'’t»ih oai 11 um ' ‘-n' .i n i?.., ^ 

t lu'rmodynamiral prinripirs. t hat tlasrhan-; r. :’i' a S n, w,. 

lo^^ ‘d'dd'i T oo.s p;:i In:^ r o onii*j*jo;n :: >»r. i 

W'hrrr d'is 1 hr ahsnlut r 11 niprrat nil . 1 h- l»'Ih lu a ' ru sr K, f i i, 

i)(*(‘n drrivrd iVom this rtpiatim : 

d'rnip. . . ItHla fjod 1|;0.» If.on 

Kf . . . . 1* Al a i:i I: ;m 

and tlu‘sr a^rrr with rrasonahlr appn•Hiumtnm mlh Ihr u aid . .a 
Ilalx'V and othrrsd"* Possihi\ in Andrru s » \]trrnn» i?t*. th- thfi-r*ar . , a 
tt‘inprraturr wrrr lud su!U<’irid pisulur- \arjafit*us lu K, l.o .r 
(‘iiou^^h to rxrrrd th<“ rxprrilurntal t rmr. Andrru did ii'«t a,-a !,, 

<‘al(‘nlatr Ids llanir trinprrutuna lad htlnwi s fhaf m .ill r t. d ...iuld 
l)(‘ hi^dirr tlian HU)U (h On tin* nthrr hand, a lanfs hir !r I 't pi a<,d i.<u 
and om* favtiurrd hy Andrrw is that !<., asthfrrinnrd t %]<* unu uf dl, 
''dons not rorrrspnnd with tin niasuauiu tiaur f • tnoM .if ui’ , f<id i. 
chararirrist ir ol‘ soiur hypotlatiral t»iup» ral nis , fh . .|iiiihMauiH 
condition at. whirh rt>rrrsptm<is udh tin ud^piafiMU mI fit. . p. n,,, d 
cluin^n’s w!ii(‘h otaair in a rapidly mulinp iiuxfnrr losut Inalr i w* 
almos|)hrri(’ trnipti'a! nrrs. Uns pnrrl\ h> pn! hr! ir.d i .-jiipvr.in m 
which may lie rrfrrrrd to as thr it m pt niinn nf fumi r# .m* a ja i., 

lx* supposed that Ihr ^asrsarr in tapnhhrttnu, ami r, .i-a !•♦ lusih i i .i* ’ 

* Pixrii, i*hii Trmi.i., lss{, 175, rn 7 

* Siaitiirils and Inidts I'l'itus, \suj, 61, Jr| 

Andrew, TruHs. f'htm, .sWr,. 101 i. IM. 

* Hahn, Zntsvh, phfi'nhil, t htm., t0n:p .4** ; inui^ . 

■' Hiller {Zi itest'll, phif^uhi:!. i lOla. Hi, .lOl 1 ■dn-iau d U;> r a ,* .1. . , 

llanie, and fur foal {iuh, diluted wall earlc'i* «ln-\id»-. .tiei h? 24.« r 1. w,. : s 

than nunnal, a value less t han 11 P See U4l« rande>. U'uUei 's iSs ' , r e.'* UH, . s. / d, a • 

mumj, i'hciH., HHt4, 38, A; Lm'y, dnV/., HHis, tia-a ; IhiH-,, /drir-., den, 

108 ; A\him\ (JltP.m, IlHHh j., 8nii. 
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at this temperature), is identified both on thermodynamic and experi¬ 
mental grounds between the limits 1500° and 1600° C.” ^ 

If this is accepted the results indicate that the equilibrium 
CO+H.O —CO2+H2 
sets in with very great rapidity. 

Limits of Inflammation. 

It is a matter of common knowledge that a room may smell quite 
strongly of coal gas without its being dangerous to strike a match 
within it. When this observation is pushed to its logical conclusion 
it is evident that a certain minimum quantity of the coal gas must be 
present for its inliammation to be self-supporting. This minimum 
quantity is termed the lower limit of inflammation of the combustible 
gas, and is influenced by two factors : ^ 

1. The initial source of heat should be of sufficient volume, intensity, 
and duration to raise the layer of gases in its immediate vicinity to a 
temperature at least as high as the ignition temperature of the mixture. 

2. The heat contained in the products of combustion of this first 
layer must be sufficient to raise the adjacent layer to its ignition 
temperature—and so on. 

if too low a proportion of combustible gas is present, only a small 
quantity of heat per unit volume of mixture is liberated when the layer 
surrounding the initial source of heat is inflamed, and the products of 
combustion have to impart heat to a considerable volume of “ inert ” 
gases. The number of collisions between molecules of combustible gas 
and of oxygen that arc chemically fruitful is therefore small. Such 
collisions, resulting in combination, will occur only in the neighbourhood 
of the initial source of heat, around which an aureole or “ cap ” will 
form of a size dependent on the nature and quantity of the combustible 
gas present. 

Upon increasing the proportion of combustible gas, not only is 
a greater quantity of heat evolved per unit of mixture, but there 
is a smaller volume of inert gases present to absorb it; ultimately, 
therefore, a point may be reached when the amount of heat contained 
in the products of combustion of any given layer is just sufficient to 
raise the adjacent layer to its ignition-temperature. Flame is then 
propagated I'rom layer to layer throughout the mixture without any 
necessity for the continued presence of tlie source of heat which 
started the inflammation, and the mixture either inflames or explodes 
according to the rapidity of the propagation. 

Consideration will show that there must also be a higher limit of 
inflammation of the combustible gas, for if its proportion over that of 
the oxygen be largely increased, the excess will function as a diluent, 
absorb heat, and tend to retard flame propagation. 

Since gaseous combustion is a reciprocal phenomenon, it follows that 
the amount of oxygen present in this latter case is the minimum quantity 
supporting combustion, and may be termed the lower oxygen limit 
of inflammation. 

It may happen that the lower oxygen limit is above that which can 
^ Andrew, loc. cit., p. 453. 

“ Burgess and Wheeler, Tram. Ghem. Soc., 1911, 99 , 2013. 
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be realised when the eonibustil)K‘ ii;as is mixed with air. In tlint ease 
the gas will not normally burn in air, but may do so in an atmosphere 
enriched with oxygen. Ammonia. ^ vapour is a typical c^xample. If a 
lighted taper is applied to a. jet from which this gas is c‘sca|)ing, the 
characteristic livid flame appears side by side witli the llame of the 
taper ; but it at once dies away u]')on removal of the latter. If, however, 
the jet is surrounded l)y air cairielu'd witli oxygen tlu‘ llame oi‘ ammonia 
gas becomes self-siipj^orting, and continues to l)urn t^vcai wluai llu' tap(‘r 
has bec'u withdrawn. 

The Gaseous Hydrocarbons.“ 

Amongst the earliest (‘X])erim(aits carried out with a vitnv to the 
quantitative determination of the limits of inllammability of combustible 
gases were those of Davy with lirc‘ dam}), whi(*h is mainly medhane, 
CII 4 . OAving to tiu' im])ortanee of this gas in eonncad.ion witli gob 
fires and explosions in coal mines, s(‘\a‘ral otlua* workca's havt‘ also 
investigated it. The valiu‘ of the rc'sults, howc^vta*, is rc‘stri(‘ted by 
tlie fact that firedamp, likc^ most natural products, is subjc'ct to vea-y 
considerable variation in com])osition.*^ Even Davy recognised that 
it was not ])ure methane ; indca^d, ])erf(‘etly pun' methane is not (‘asy to 
})repare in quantity. Tlu' gas, as obtained from sodium aetdatt', n)ay 
contain as much as <S pea* ecait. of hydrogcai, as well as (‘thyk'iua'' No 
doul)t tins Auiriation in (‘omposition is one (‘ontributory cause of tlu‘ V(‘ry 
varied results listed in the tabhi on p. 

Of these results the most reliabU' are thos(‘ of Hurg(‘ss and Wlu'cler, 
and of C'oward and his co-workca's, which may now b(' bricdly (‘onsiderc'd. 

EiVperiiiieiifs of 1 Ik rge.ss a fid WJirelrrJ^ 

S(‘V(Tal methods of attacking the problcan wt'rt' dc'vised, namely, 
central ignition in a large glass globe' by means of an ('l(‘(*trie s|)ark ; 



cm})loyment of vertical tube, closed at both c'uds, ami ignit(‘d c'ithc'r at 
the bottom or at the to]); and a horizontal tulx', closed at both ends, 
ignited at one end. 

For a thorough study of the amuionia-oxygen flame, see Reis, ZeiUch. 'phmiknl. 
Cheni., 1914, 88 , 513. 

- The limits of inflammati(m of organic substances, such as ether, alcohol, and acetone, 
in air have been determined by White and Price, Trans. Chew, kloc., 1919, 115 , 

See analyses by Gray, Trans, hist. Mminrf Eiuj., 1910, 39 , 28(). 

Kojl)e, A'usfillirl. Lehrbnch Organisch. Chew-., 1854, i., 275. 

^ Burgess and Wheeler, Trans. Oheni. Soc., 1911, 99 , 201.3; 1914, 105 , 2592. This 
method was also used by Parker, ihif'Ly 1914, 105 , 1002. 
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1. Central l^nution in a Lar^e CtUi\>v. Thi* a|»|>.ir.it ik ruiisisl, <1 ai' a 
<»'lass globe, of eajuieily about 2 iitre,s. btieti uilti platimuii tliohiHirs 
having looped ends. *Tlu‘ el(‘<drodi‘s passt-tl alunij; a diaia. frr ol’Uif 
globe through ground stopjMa's. Ilu' uas*'s euuKi b»- atluuftitl and 
withdrawn through tiie tap. In all but a iVu N|n ejal r\|irrimrnts a 
little distilled water was plaeed in tin ulobr to satfirati thr 
mixture with water-vapour at the ttunu tt upn raturt . 'Flu- mi tbaur 
was obtained in a stab* ot iiigli punt\ bs thr aetuai id' an aiiinuuiuui 
nuTeury eouph' on a weil-eooU'd inixlurt* iittUith)! aftsditd and nidulf. 
The produet was lre<*d Irom train's td b\ilr(tg» n b\ p.iNsagt tlunaigh 
''oxidised’" palladium sponge lanited tij ‘Jh C. and In siibsi pm at 
liipudaetion with ii<iuid air. 

The maiuna' of dtdi'nuiuing tlie lower Inuif nuxturrs was that id' 
"trial and error"; lor e.saniph-. a mixltue td lUitham- and .lU etna 
taining (IT per rent, (d'nudhane ha\ ing betai tn«‘d and bMintl to pn»pagale 
inllannnation on the passagi- id’ an iletdrie spark, a snaHa! nuvttUT 
was })re})artHl (‘ontaining a-U pin* rent, id' nndhauia ’Flus also propagat» d 
llanus The ptannadagi* (d' midliane wats thi in idr* Imfla r r« dinn d by 
OvlO in a lU'W niixlure, and st» i)n, until two uiivtnri s Ui r* iddaund, 
differing in their (nadiid id’ metiiain' i»v cr'Ju pn' is nf., on* **! wineh 
t'liahlecl llanu' to be pri>pagateti, wluKt tbo tdla r <iid not. Tho lower 
limit mixture was taken to be that i-ontaimug tin iiir;m p« remlain* id 
nudhaiu* contained in tlu’M* twi> mixttiri s. 

Tht^ lower-limit mixtnri* (‘oukl be thstinipush* *1 with i'*rtaiut \ Iriun 
that just (‘ordaining sidFu’ii’nt ta>mbusldd»* gas; idr tho inonu niarv 
passage of the eli‘etrie spark sulFmetl ti> pronnde tin intlaunuat n>u id' all 
thc‘ gas eontaiiual in the ghdn' in t he finamT i-asi', and i»n Iurtfa r sparking 
no signs of combustiiui (’ould be obstawed. Wlnl-d m the latt» r i'asr, 
although the llami‘ (d’ the burning gas might appear fi* lra\oi m arly 
through tlu‘ \vhol(‘ mixturi* <»u the first passage id' the spark, and some 
doubt might t'xist as to wlndlu'rit had md, in fai*!. Ira\ellr«l tluijngtnmt, 
on causing tin* spark to pass a second !iim% a " cap " ap|iearid ataoe d, 
showing that tiu‘ mixture still eontnined combustibh’ gas, *Fbis (Mp 
remained whilst passage of the spark was ciiidinueii, growing gradually 
smaller in size, until all the gas hud been bund. 

All tlu‘ experinuads wcaa* made in a darkt ueii uamu st* as enalsk 
the app(‘araue(‘ of tlu‘ Ilnnu‘s to be readily observed. 

The appeanuiee is InMUdifidly simwn in Fbdi- L 

The following results wen* obtained : 


LO W ER - LI M rr MI X1‘ U R E S. 
(Burgess and Wlna k-r, | 


ihw or 

Methane . 
Etham* 

Propane . 
Normal-Butam* 
Normal-Pen tane 
iso-P<.‘ntane 


l.umi UnOirr 
ju An 
I'*'!' U% \ 

.‘j'.’jO Iu “if I’ll 
; :nm Iff :i go 

'J-ia fe» g no 
I ‘UO to I -'Fo 
Isla tii Mil 
Min to Mia 




of ('hrniisfri/. Vol. 17/., Part /. | ITofarr p, 94. 

P1.ATK I. 



44l() {M'r cc'nt. 4 .") {M‘r cfat. 



4’9r> |M‘r 


4-Hr> jK’T vm\. 



{M’l* in'ilf. 


r»'59 jHT 


I.ouKH Limit of f\ fi,a,mm.\tion of .Mktiiank in Am. 

I unci WIuu'ltT, 1911.) 
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T1h‘ \ i\Uiv for nu'tiuuu* quitt- wvW wilii tlial obluiurd ludh by 

C'<H|uillou and Lr CiiatrlitT ; * for lirndainp tlua’f arr at Irast fi\ t‘ faflors 
(•onrt'fnrtl in tin* ina^ndtndi* oft hr lourr-liniil niixturr. Thrsr arr : 

(1) Thr Iu*at uf ruinbustio!i <»r thi* tifas ; 

(2) Tlir rrlntiM* \ i>hnm‘s and sprriiir lu'als of tlir dilurnt |.(asr.s ; 

{;i) Till* i^^nition tnnprralnrr of Ihr mixturr ; 

(4) d'hr initial prrssurr : and 

(5) Thr initial trmprratnrr. 

.\s Hurgi*ss and \Vhr<*lrr |>uint out, thr first fart or inust undoubtrilly 
rxiTcisr thr prrpondrratin^^ iidlurnri. 'file* last tuo fartors ran rasily 
hi* ki‘pt laaisiant. 

As a first u|ipro\iuiatiiuu thrrrfurr, it wmihl apprar probablr tliat 
thr lowrr limit of inthinunation should vary in\t rsi ly as Ihr ralorifir 
\alu<' of thr gas : that is to say, if L is thr proportion i»f thr rombnstiblr 
gas urrrssnry to form a lt»urr limit mixt.urr, ami V its ralorifir \ alur, 

1. /ili'lorL h\V 

whrrr A* is a roust ant. 

Thr \aiur ubtainrd Idr tla* lown* limit of inllammatioii of mrtlianr 
whrn niixrd with air is o‘d. 'fhr raloHhr valm* of mrthaiu* is IStM. 
Substituting in thr abo\r rquation a valuf of fOad is oi»tainrd for h\ 
and tlir rrlati\r \alurs for L for othrr gasrs run thru l»r ralrulatrti. 


LOWKR-LIMIT MIXTURES, 

{Burgrss ami \Vhr(*lt*r.) 


Hiw t»r 

Hmi »»f 
{'uinbustiua.® 

1, otmrrvrd. 

h t idrtibitod. 

Midhunt* 

IHU*I 

frUU 

standard 

Etham* . . . , 

nnnn 


:Mr> 

Bropunr 

dH-Pg ! 

g'l7 

g*iu 

a-Butanr 

tmi‘7 1 

I’da 

MIK 

a-Prntanr 

77U*g 

I ‘UT 1 

I m 

mrFrntam* , 

77U‘g 1 

1 dig i 

i 

1 ‘TU 


'riir agrrrnitiit brtW(*rn thr ubsrrvrd ami ridrulatril valm.s of 
is \ t*ry striking* and srrms in point to a di'linitc' and dominating rrlation- 
stiip lH*IWi*rn thr c*alorilir valurs t»f thr rombustibirs namrd in the* luhh: 

ihr paraOin hy<troriirhons and thrir hnvrr iimits of inllumiimtiou 
whrn mixrd with iiir, 

But whtm this mrtluHl of ruirulntion is applird to otlaa* t*ombustiblr 
gasrs, tlir iigrrc'inrnt is no! so rlosi*. 'fhis, hour\u-r, is sriirri*ly sur¬ 
prising, for thi"rr is no rrason why L shouki hr nrtindly in dirrrt 
proportion to and fliis is thr hasir assumptiiai of thr ralrulations. 

g, \‘rrHral 'rnhr rlosrd at Botli Ends, In thrst* rxprriim’ids glass 
rylmdrrs ii rm. in tiiamrirr and soinr g mrtrrs in Irngth nri* rm|iloy4*d, 
and thr nanbustihlr mixturr is lirril hy sparking ht*twrrn phdinuni 
trrininals at rithrr thr npprr «jr thr lowrr rnd. Bidl-om ignitii)n t.t*uds 
to gi\'r a low wih'tr for thr low limit nml a high vidur for thr highrr 

* It irt n* till' t<»w VfUut»« by Tiwlu luid by Furmiai 

|MSi |i. 93), ® 'nu?m» are Ibe ilaiii tiwii by liargPM lual VVbwk?f. 
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limit of iiiilanimation, in cons{‘t{iu‘iu*t‘ of tarns iftnm fiirrmts. ri>|i 
ignition behas'iss in an t'xaotly oppositt' nianiua*. i his t's ithiit Innii 
the results in the tahh? below. 

The (juantitativt‘ values for tht‘ hight*r anti hnsta* iunits are greatly 
affected by the diametta's of the tubes* unless these exeeetl a eni. 
Narrow tul)es raise tlu‘ lowta* liinit aiul depress thi“ higla r limit, thereby 
reducing the total rangt* of inllanunability. This is illustrated in the 
ease of mixtures of acetone* and air in tlie aeeompanying table.^ It Iht* 
diameters are very small indeed, no (omlmstitm will take pluer. 


INFLUENCE OF DIAMETER OF TUBE l^PON THE 
LIMITS OF INFLAMMABIIJ IV. 

(Wheeler and Whitaker, 



Lower Acetone Limit. 

H 

Arrloui' 

Limit, 

Diainoter, 







cm. 

Xh>\vard, 

Dowuwarti. 

... 

Uori/.ontiil. 


pMV^, award. 


2*5 1 

2*B() 

2*75 

2*4(1 

!' 

7*5 

b ‘ 5 

0*7 

5*0 

2*20 

2*M> 

2*25 

0*5 

h'B 

ma 


2*15 

2-B5 I 

2*2(1 

tl*7 

h*5 

U"5 


3. Horizontal Tube. <‘Iosed at Both Kndse* 'riu’ ignition is effeeled at 
one end as alr(‘ady iudieat I'd, and tlu* llame ert*eps almig t he upper purl ton 
of the tube in a similar manni'r to a small air hnbl^h» in a spirit h-vrl. 

The diamt‘ter of tin* tubes, if less than about a em., i xerts an 
analogous inlluenet* upon the rt*sults, as w’lis founti to be the I’use with 
vertical tubes. This is shown by tlie data in the above tatde. 

E,vpftifneiiLs of Cincanl tifiti his ('tt^icorkrrs. 

In carrying out some of tlu'M* a bottle of eapaeity II litres was 
chosen, and litted witli n rubhiT stopper eoia eying gas am! water tubes 
and insulated leads for Hu* sparking wires. The gases were admitted 
by displacement of wattax ilu* air being first added in iteiirly siitlieiriit 
amount, followed by a measurc*d voluiiu* of intlammable gas. Fmitlly, 
the total volume* was brought to H) litre's by the additiem of HUllleiriit 
air. The water remaining in the vesse!, amounting to iibotit I litre, 
enabled the gases to be thoroughly udmixi*d liy shaktiig. This pnaasliire 
necessitated tlie experiments being <*onllm*d to gases sat mated with 
moisture. In the ease of gases of hut slight siiluhility iiiixtiires eould be 
made accurately to one part pt‘r tliousnml. For upwiiril igmlit>m the 
bottle was supported upside down on a tripiHl stiind unit the sfiiirkiiig 
gap extended about 2 em. above the Hurfats* nf the wider. When 
downward ignition was reipiired, tiu' bottle stoiwi on its base. As thr 
beautiful vortex rings of flame rising through Hie mixture were soon 
extinguished owing to the limited eapaeity of Hie Imtile d ivns mtpossihle 

1 Burgeaa and Wh(^*lor, Tram, Chmi, iSoc., 1914, lOC -^9^ ; fXiwurf. 

rejuL, 1914, 158 , 1798, 1999. ^ * 1 

® Who€lor and Whitaker, Tmm, Ofmn. 1917, iii, 2*17. 

^ Burgee and Wheeler, loc, eit. 
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tu wiirtiuT sxwlx riu^s \vt‘iv (‘iipahlc oi' travi‘lliu^ iiuU‘(hutely, 

or if thrv wtnikl toiui to hroak up aud produtn* a i^ciuTal intlamniatioiu 
or (*\ tail ualiy bfooiia* i-xt inguisluHL A Iou|j:, rcctau^ular t iiht^ was thtax*- 
fort* (HHist ructtti, two sitits tif whifii wort^ of wood and two of plate i^dass. 
St|uare in eross-st*ftion, and of total length l-S nu-trcs, its eapaeity was 
170 litres. Its tttp was ttf wtHwi, and its lu^tltan opt*n, lad watt*r“S(‘alt*d 
dnrin|4 experimentation In* inum*rsion in a tank. Tlu* ea.st‘s wt'n^ 
admittttl by disphnnng water, iuul i^nitt*d eU‘etrieally. An analysis of 
thi* giiseons mixture was made, as a <'lu‘ek on the aeeuraey of mixin^^ 
just prior the test of its in{lamnud)ility. TIu' uu'thaiu' wjis prepared 
fnau aluminium tairhitle mul water, with sul)se(pieut renuyval tyf aeetylene 
and lic|Uefac’tion tty separate hydro|jfeu. 


LIMITS OF INFLAMMATION OF METHANE-AIR 
AND ETHYLENE-AIR MIXTURES. 


.Methane |H’r eent. lay Vt>huu<s 


I Ft hyhair |K^r i 
I feat, hy Vtilunus! 


lituvar hiinit. 


Pp|M*r lamit, 


U»wer UpiHw 
Limit, Linyit. 


(*entrnl i|(tnti<»u in tarjUfe 
ghthe 

Vt»rtienl tube etiysi'it at 
biyth ends : 

(L Bottom ignition , 
/a Ignition at tcyp , 
Horizoniid tube eltised 
both ends . 


Ignition one end 
Under slight shoek 
Berfeellv trampnl 

' CAH .. 


50 ^ 


uoi-5-M 
00 ^ 

5* t- * flame travels 
tatly along top 
of tube . 

5*cdiil!(TI|burm*d 


l'JIL 


iiw; I ^ 


1 1.-H 


m»t. • I i-H > 

i.n-i' 


!J-4 « 


rrx'.oF 

t i§b i 


0*0 ^ 
0-0 ^ 


25-0 ^ 
ia-7 ^ 





With a 5*1 |>er etail. mcdhane mixture m tins large box, a ring of 
flame wits fornnal whieh travelled about 00 can., broke* cpnekly, and 
forirnsl ii longiie of flame whiedj travelled anedher 00 em. before extinetiom 
With 5*11 per etait, rnethiine a stout ring of flame iravtdled a few ems. 
iind resolved itself into a steady flame nc*arly ns wide an the box, 
travelling riglil to the top with a swaying moliotn This experiment 
roll Id not be sat isfaetorily repeated, and c‘ven a 5*5 per eent, mixture 
failed to yield a flame* suflleienily strong to traverse the whole box; 
but with 5*0 pc*r eent. of methane, a steatly flame with a convex front 


* lhirgr» .urifl Wliw4ef, Tram, Chtm, Sms,^ 11114, 105 * 

» C iiwsnl Mat ilria»ley, iW.* |t. 1HII9. 

* CVmmter, aaii Paymaa, iWit, 1919, 115 , 27. 

* 1921, Ilf, 1077, 
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d tht' wholi' mixture. The authors therefore conclude 

liiat lilt- flaiiirs of iiiixfi!n‘s containing 5 3 to 5*G per cent, of methane 
.ir*‘ \iry to extinction by shock, and that a 5*6 per cent, 

iiiixtiirt* iii\'ariahiy pro|)agate llame when the shocks are no 
grraft r tliaii those oceasiont d by the somewhat violent bubbling of 
Tras thruiiLdi water. When, however, circumstances are such that 
a passutSv is assured, 5-3 per cent, is the lower limit of 

iiitlaniinability. 

The fort iroini,^ data, in so far as methane and ethylene are concerned, 

niiiy l>e Niiinniarised as shown on p. 97. 

Hydrogen. 

Widely differing results have been obtained for the limits of in- 
ilamniabihty of hytirogen-air mixtures, as is evident from the following 

tabk' : 


LIMITS OF INFLAMMABILITY OF HYDROGEN-AIR 
MIXTURES. 


Ltwer Limit 

Per cent, by 
Volume. 

Higher Limit 
ui Hy’dfDgen. 
Per cent, by 
V«>lum,e. 

Authority. 

7‘7 to S-G : 

50 to GO : 

' 

Wa^incr, Bayerisches Industrie und Gewer- 
beblatt, 1876, 8, 186. 

G 

HO 

Mallard and Le Chatelier, Ann. Mhies, 
1883, [8], 4, 847. 

1 

75 

Brooc-kmann, J. Gasbeleuchtung, 1889, 
32, 189. 

, 9-2 to 9-5 

1 

G4‘7 to 05*0 

Roszkowski, ibid., 1890, 33, 491, 524, 
585, 558; Zeitsch. physikal. Chem., 
1891, 7, 485. 

i 5 

! 1 
i 

72 

Clowes, Detection of Inflammable Gas 
and Air, 1896. 

^ 10 1 

! i 


Le Chatelier and Boudouard, Compt. 
rend., 1898, 126, 1510. 

! 1 

HO i 

1 

Bunte, Her.. 1898, 31, 19. 

Eitner, Habilitations-schrift, Munchen, 
1902. 

: 8-T ! 

75*5 

Ill sphere of one litre. 

' 8-5 


Downward ignition in cylinder. 

4*5 1 

. . \ 

Upward ignition in cylinder. 

■ 9-73 to 9-96 1 

62*75 to 68*58 

Teeiu, J. prakl. Chem., 1907, [2], 75, 212. 

4-1 ! 


Coward and Brinsley, Trans. Chem. Soc., 
1914, 105, 1859. 


74*2 

Coward, Carpenter, and Payman, ibid., 
1919, 115, 27. 


These diyergenees are due |mrtly to the different methods adopted, 
as witm-ss hitner's results—which may be useful compared with those 
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found by Burgess and Wheeler, under analogous conditions for methane- 
air mixtures ^—and partly owing to lack of appreciation of the influence 
of minor factors upon the results. Of these results undoubtedly the 
most reliable are those of Coward and his co-workers, obtained by 
methods already described. 

A similar want of accord is manifest in the results given for the limit- 
mixtures of hydrogen and oxygen. 


LIMITS OF INFLAMMABILITY OF HYDROGEN-OXYGEN 

MIXTURES. 


Lower Limit 
of Hydrogen. 
Per cent, by 
Volume. 

Upper Limit 
of Hydrogen. 
Per cent, by 
Volume. 

Authority. 

9*5 to 10*0 


Humboldt and Gay Lussac, J. Phi/s., 
1805, 60, 129. 

6-7 to 8-3 

95-2 to 96-3 

Davy, Phil. Trans. ^ 1817, p. 45. 

4*4 to 5*1 

95*8 to 96*7 

Turner, Phil. J. Edin., 1824, 11, 311. 

10 0 to 11*1 

91*2 to 92*5 

Regnault and Reiset, Annalen., 1850, 

73, 129. 

5-7 to C-7 

92*4 to 93*2 

Bunsen, Gasorneirische Methoden, 1857. 

13 to 14 

91 to 92 

Wagner, Bayerisches Industrie und 
Gewerbeblatt, 1876, 8, 186. 

5-8 to 6-4 


Bunsen, 1877. 

9‘4 to 9*7 

90*8 to 91*0 i 

Roszkowski, Zeitsch, physikaL Chem., 
1891, 7, 485. 

9-1 to 9*3 

• • • 

Eitner, Habilitations-schrift, Miinchen, 
1902. 

5-45 

94*7 

i 

Fischer and Wolf, Ber., 1911, 44, 2956. 


Carbon Monoxide. 

The following results have been obtained by different investigators 
(sec p. 100) for the lower and upper limits of inflammability of mixtures 
of carbon monoxide and air. The wide divergence which characterises 
the published data for hydrogen is not so evident, for the results agree 
much more closely. Undoubtedly the most reliable are those of Coward 
and his co-workers. 


Organic Vapours. 

The limits for the propagation of flame by twelve organic 
vapours when mixed with air in glass tubes 5*0 cm. in diameter, 
determined, unless otherwise stated, at approximately 18° C., are given 
on p. 100.2 

^ See Table, p. 93. 

- White, Trans. Chem. Soc., 1922, 121 , 1257. 
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LIMITS OF INFLAMMABILITY OF CARBON 
MONOXIDE-AIR MIXTURES. 


Lower Limit 
of Carbon 
Monoxide. 

Per cent, by 
Volume. 

Upper Limit 
of Carbon 
Monoxide. 

Per cent, by 
Volume. 

Authority. 

14-3 to 16 T 

75 to 80 

Wagner (1876), loc, cit 

141 to 14-3 

74-6 to 74-8 

Roszkowski (1891), loc, cit 

13 

75 

Clowes (1896), Zoc. cit 

15*8 to 16*0 

72*5 to 76*5 

Le Chatelier and Boudouard, Coinpt 
rend., 1898, 126, 1344. 

16*4 to 16*6 

74*8 to 75*1 

Eitner (1902), loc. cit 

12*5 


Coward and Brinsley, Trans. Chem. Soc., 
1914, 105, 1859. 

• • 

74*2 

Coward, Carpenter, and Pay man, ibid., 
1919, 115, 27. 


LIMITS OF INFLAMMABILITY OF VAPOUR-AIR 
MIXTURES. 

(White, 1922.) 


Vapour. 

Upward. 

Downward. 

Horizontal. 

Ethyl ether 

1*84 to 48*0 

1-90 to 6-25 

1-88 to 33 

Acetone .... 

2-90 to 12-6 

2-99 to 8-40 

2-96 to 9-9 

Methyl ethyl ketone . 

2-05 to 9-9 

2-10 to 7-4 

2-05 to 8-5 

Benzene .... 

1-45 to 7-45^ 

1-48 to 5-551 

1-46 to 6-651 

Toluene .... 

1-31 to 6-751 

1-32 to 4-601 

1-30 to 5-801 

Methyl alcohol . 

7-10 to 36-51 

7-65 to 26-51 

7-35 to 30-51 

Ethyl alcohol . 

3-69 to 18-01 

3-78 to 11-51 

3-75 to 13-81 

Ethyl acetate . 

2-32 to 11-41 

2-37 to 7-11 

2-35 to 9-81 
{ 4-32 to 16-0 

Acetaldehyde . 

4-21 to 57 

4*36 to 12-8 

^ and 

( 25 to 453 

Ethyl nitrite . 

3-51 to > 50 

3-91 to 14-4 

3-63 to >45 

Pyridine .... 

1-811 to 12-42 

1-881 to 7-21 

1-841 to 9-82 

Carbon disulphide 

1-41 to 50-01 

2-03 to 34-0 

1-83 to 49-01 


The two ranges for acetaldehyde with horizontal propagation are 
noteworthy, due to the possible existence of two kinds of flame, namely 
the normal hot flame, and a “ cool ” flame (see p. 76) respectively. 

Influence of Temperature.— Rise of temperature effects an 
appreciable reduction in the lower limit of inflammation as is to be 


^ Determined at 60° C. 


® Determined at 70° C. 


^ “Cool’’flame limits. 
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anticipated from theoretical considerations. This is evident from the 
following data, which pertain to methane in air ; ^ 


Initial temperature ° C. . . .20 175 237 312 555 

Lower methane limit . . . 5*80 5*25 4-75 4.30 3.40 

Similarly, the upper limit rises with the temperature : ^ 

Initial temperature ° C. . .20 150 250 400 600 

Upper methane limit . . . 13*40 13*60 14-00 14-70 16*40 


690 

3*00 


800 

29-00 


Thus the total influence of the temperature is to widen the limits of 
inflammability. 

Influence of Pressure.—Both the lower and the upper limits of 
inflammation are raised by increase of pressure. Hence the total effect 
upon the limits of inflammability is the algebraic sum of these two. 
In the case of methane the data ® are as follow : 


INFLUENCE OF PRESSURE UPON THE LIMITS 
OF INFLAMMATION. 

(Mason and Wheeler, 1918.) 


Initial Pressure, 
mm. Mercury. 

Lower limit. 
Methane, per cent. 

Upper Limit. 
Methane, per cent. 

760 

6-00 

13-00 

1250 

6-05 

13-15 

2100 

,, 

13-35 

2900 

6-20 

13-60 

3350 

6-25 

,, 

3750 


13-80 

4650 

6*40 

14-05 


The lowest ignition-pressure of electrolytic gas observed ^ is 5 mm. 

Influence of Oxygen.—In a series of experiments carried out with 
a Bunte burette (19 mm. in diameter and 115 to 120 c.c. capacity), top 
ignition being adopted, Terres ® has found that wliilst the lower limit 
of a combustible gas in air is but slightly different from that in oxygen, 
the upper limit is considerably higher in pure oxygen. His results are 
shown on p. 102. 

Parker,® using a glass globe with central ignition similar to that 
figured on p. 92, determined the lower limits of inflammation of 

1 Taffanel, Compt. rend., 1913, 157 , 593. See also Burrell and Robertson, U.S 
Bureau of Mines, Technical Paper No. 121, 1916. TaffaneFs results are in close accord 
with the later work of Mason and Wheeler {Trans. Gheni. Soc., 1918, ii 3 j 45), and of 
Burrell and Robertson, J. Ind. Eng. Chem., 1915, y, 417. 

2 Mason and IVheeler, loc. cit. The data refer to downward propagation of the flame 
in a vertical tube. 

^ Mason and Wheeler {loc. cit.), who confirm, and extend the earlier work of Terres 
and Plenz, J. QasheleucUung, 1914, 57 , 990, 1001, 1016, 1025. See also BurreU and 
Robertson, loc. cit. ,* Leprince-Ringuet, Compt. rend., 1914, 158 , 1793, 1999. 

^ Coward, Cooper, and Warburton, Trans. Ghein. Soc., 1912, loi, 2278. 

s Terres, J. Gasbeleucht., 1920, 63 , 785, 805, 820, 836. 

® Parker, Trans. Chem. Soc., 1914, 105 , 1002. 
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methane with mixtures «!' ux\>;t‘n ami iiitni!,ati, the iixygm ranf'iu>' 
from 100 to 13-25 ])er eent. by volume. His results are slutwn dia- 
grammatically in lig. 1-t. 


LIMITS OF INFLAMMATION IN AIK AND OXVOKN 

(Terres, 1 



Luiutb « 

i lnlljOiun<il»ihfy. 

(iiiH or Vapour. 


In Air (}K*r t t'nt.i 

In U\% iirti { pi-r r»'iil 

(’arhou luonoxkU* . 

lA U io 70 U 

iti'^ fu tm':i 

Ilydron^t^n 

*J-A tu Oo 'i 

'.12 tti '.II 

Mc‘thaac 

(i7J ti> I I-O 

ii-A to of '»! 

Ethane .... 

t-’i to O A 

M to la'S 

Etliyk‘nc‘ 

t-o to i t o 

11 to r»i•,% 

Acetyleiu* 

7^5 to 02 'U 

:tA to HO 1 

Benzene 

2*H to U H 

2‘H to 2U'U 

Water gas . . . . 

Coal gas 

I2‘t til rai l 

12-U to 'J2ii 

to 2r.S 

urn to 7:1 ti 

Liglil; petroleum vapour . 

2*1 to oil 

2-1 to 2H' 1 



PER CENT OXYGEN IN AIM MlXTUMt 
Kifj. U.—Liwor liiiiiu i.l miMlwni-(l*«rk« r, lUHi, 


Ihe lower limit of methane renehes a mmmmm ut 70 
eoutammg25 per cent, of oxygen umi 75 per rent, of mtn.K.n, Inei..,s, 

Ll *'si- III tin- h.w. i himl. uhih,! 

< tja.se effects a rapu rise. This latter rise m«v be exphun..( In th. 
dccrea-sed rate of combustion and the eons«quent gri.ilir loss ..f bent 


^ l*iirkwir. luc. cii- if. 
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The fact that the lower limit of methane is greater in the case of pure 
oxygen than with air is probably connected with the fact that the 
specific heat of oxygen is higher than that of air. 

Residual and Extinctive Atmospheres. —Closely connected with 
the foregoing study is that of the composition of the residual atmosphere 
in which a substance has been burning, and of one which just extinguishes 
a flame—the so-called extinctive atmosphere. Their composition is not 
determined solely by the percentage of oxygen ; the nature of the inert 
or diluent gases also exerts an important influence. Thus, for example, 
nitrogen has a less powerful extinctive effect than carbon dioxide.^ 
Theoretically extinctive and residual atmospheres are the same, but, 
owing to the difficulty caused by the products of combustion raising 
the temperature of the contents of the containing vessel, the flame is 
apt to continue burning for a longer time than if the surrounding air 
remained at the original temperature. The percentage of oxygen in the 
residual air is thus slightly lower than that in an extinctive atmosphere. 
Under theoretically ideal conditions the results would be the same for 
both residual and extinctive atmospheres under identical conditions. 
The following results are interesting : 


Combustible. 

Residual Atmospheres 
(Volume per cent.). 

Candle flame ^ 

15-16 oxygen. 

80-81 nitrogen. 

8 CO2. 

Do. ^ . . . 

13-15 oxygen. 

4-6 

4-6 CO2 

Alcohol, burning on cotton wool ^ 

11 oxygen. 

82-5 nitrogen. 

6-5 CO2. 

Wood charcoal glowing to ex¬ 
tinction 3 . 

9 oxygen. 

88 nitrogen. 

8 CO2. 

Sulphur burning ^ . 

Glowing wood ^ . . . 

18-5 oxygen. 

16 oxygen. 


It will be observed that the residual atmosphere for a candle closely 
resembles that exhaled by human beings (see p. 185). It may be 
inhaled by most people for a considerable time without producing any 
noticeable ill effects. 

^ PoUwig, K-oUs, and Loevenhart, J. Biol, 1915, 20 , xxxii. Compare Jorissen, 

Beo. trav, chim., 1920, 39 , 715. 

* Clowes, Proc, Roy. Soc:, 1894, 56 , 2 ; 1895, 57 , 353. 

® Muller, Ghem. Zentr., 1917, i., 991. * Jorissen, Ghem. Weekblad, 1913, 10 , 1057. 
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It is inien‘stiu|f io iiuU* that drcrfasr ot |H'rssiiri’ rai%rs llir nxyi^ni 
it oF the* residual atniuspheri' ais siuiwn in tlu' tiilile : 

RESIDUAL ATMOSPHERES. 


i 

I i K> |.(r|| |M(’r I't'iil. |»y 

* Tntiii iV^nurt'. mia. VmIimiw’ m 


Caudle , . . . 

EUiyl aleohul huruiuj^: from 
aslu'stos wiek 


idCeT 

iiM 

ill 

I!MI 

7:ite7 

lA'I 

I2‘J 

iii'U 


The oxy^uii in residual atmosjiheres frum jets ul taruais iHiyiliiistdile 
gasi's has In'en determined by lUunid’’^ as Itilhnvs : 


(’umbviHtitle, 

M(‘tha!U' 

Propane 
Butane 
Pent ant' 
(’yanogeu . 
Ilydroj^u'u , 
Carbon momixidt 


/ I Ail 
. IA*II 
. Blit 
. Ilb-I 
. lAil 

. B)'*i 


The slijLifht inerease in oxygen luitieealde on iiserndiiin Itu inrtliiinr 
serii's of hydro(*nrbons is pnibably «bie to the Inuldy extiiirtive t 
of tlu‘ inert'asing proportion of eurbuit diijxide, tit wliirh relVmirr liii% 
alrtnuly ht'eu made. The linv tjxyi^eii eoiileni in the ruse of hydroum 
is noti'worihy. 

In the ease of burning iJimvs, tlie eoinposifitin of the extiiniivr 
atmosphere is affecdetl by several fiieti»rs, imtidily the spreil id. wfiirli 
eitlier the eomhustible gas or the atnmsphere snrrotmdiiig it is iillnwr'd 
to movt*. llhead found that for a ronstnid speed of eiiiiititislihlr gus 
issuing from a j<i\ and fed at tHmstant speed by idr |iiis.siiig intii liii 
eneireiing eontniner. tht* ext inti ive atmospheres of the four hi%rrr liytlrii* 
carbon gases wert* identienh and etadninetl ajijiroximutely lllil jirr eriil. 
of oxygen. Tins suggc'sts a similar primitry reiietioii in niels imr. 
With inert'ased speed the oxygen eontent falls to ii liiiiiiiiiiiiin Tins is 
jirobnbly due to the futd that, with a slow spri'd of fttiitt»|ilirrr Ilir 
oxygi'U is eonsmned too ipnekly, but imon inerrii.siiig I hr llir 

(’ombustilde mixture is formeil sunieimitly riipidly Iti miiiiiliiin iliiinr. 
The limiting spcxsl will be reneluxl wlam the rntr of iiilliiiiiiitittiiiii of' 
the inixture is halauml by the upward movetiirnt. This is ii jiiiiiil ul' 
eonsiderahle praciicid import, inasmueh as iiit iitiiiosulierr, Itiri poor 

* D<.41wig, Kolb, a-tul kmvonhiirt. */. Amer, (*hmn. Hnr., mil, 39 , ; i. Vkmm^, 

1915, 20 , xxxii.-xxxiii. 

^ Ilhoatl, J. 80 c. Chtm, ind,, 101 i, 37 , 274 T. 
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ill oxygen to maintain a flame under ordinary conditions or when fed 
to it at a slow speed, may be able to maintain that flame at a higher 
speed. 

Coal gas, on the other hand, was found to behave quite differently. 
The oxygen content of the extinctive atmosphere was almost in¬ 
dependent of the speed of the atmosphere itself, but fell with increasing 
speed of the gas stream. This is undoubtedly due to the fact that coal 
gas is a mixture consisting mainly of hydrogen and methane, the 
extinctive atmospheres of which possess vddely different oxygen 
contents. Hence, upon occasion, the atmosphere might contain 
sufficient oxygen to support a hydrogen flame, but not one of methane. 
With slow gas streams the hydrogen would be burned too quickly. By 
increasing the speed of the gas and hence of the hydrogen, the com¬ 
bustible mixture of oxygen and hydrogen is produced with sufficient 
rapidity to maintain a flame. The data in the foliov\ing will serve to 
illustrate the foregoing conclusions : 

EXTINCTIVE ATMOSPHERES. 

(Rhead, 1918.) 


Combustible. 

Diameter 
of Jet, mm. 

Speed of Gas. 
cm./min. 

Speed of 
Atmosphere, 
cm./min. 

Oxygen in 
Extinctive 
Atmosphere. 
Per cent. 

Methane . 

4 

288 

684 

16-6 

Propane . 

4 

288 

715 

16-6 

Propane . 

4 

288 

715 

16*6 


4 

288 

937 

15-0 

Coal gas . 

3 

514 

500 

13-2 

jj 

3 

514 

291 

131 

j j 

3 

514 

253 

13-5 

Coal gas . 

3 

514 

500 

13-2 

5 J 

3 

i 

1028 

500 

12-3 


Closely allied to this is the very important problem of the inflamma¬ 
bility of hydrogen gas as used for the inflation of balloons and airships. 
The only non-inflammable gas that could be used economically for the 
purpose is helium, but, as this gas is twice as dense as hydrogen, its 
lifting power is somewhat reduced. It follows, therefore, that if a 
mixture of the two gases could be found which is non-inflammable, the 
result would be more efficient quite apart from financial aspects of the 
subject. It appears that, under favourable conditions, a jet of helium 
containing more than 14 per cent, of hydrogen can be ignited in air ; 
but in the case of a gas issuing from an orifice under conditions pre¬ 
vailing in balloon practice, a mixture containing even 18 to 20 per cent, 
of hydrogen will not burn with a persistent flame, and might, therefore 
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be ei)i})loyecl lor military purposes with saftty. .Mixtures etiiif 
upwards of 20 per cent* ot hytirt^^eu woultl be dau^^eHiiis.^ 


hjxrnoN 'rKMur.uATriu.s. 

The temperature at which rapitl eomhuslitai In cHimes udeut 

of externar supplies oi' heat is tenmat the irtnitioii tempeniture. 
Wheeler - del’mes it as tlu* low<-st teiuperature to uhieh a iiiixturr i»f 
a combustible' gas with air or oxygeu must be raiMtl in order that tla* 
chemical action bctwccii th<‘ gas ami the oxygen vim beeuuu* nipjd 
as to produce llamc," A clear tauun-ptuMi of this |iheuouieuou may be 
obtained by supposing a <Haut>ustible mixture gasi s, stieb as that ot 
air and tlu' vapour of carbon disulphitlix to issue Utrougb au *»rilier info 
ail iudifft'rcut atmospheu'e. If the oriiiee is surrounded !»v a ring ol 
platinum win\ which is gradually heated up by a eurieul u! elertneil), 
a ilamc will gradually make its appearaiiee. If, as sinm as this is 
observed, tlu‘ lu'utiug of the wire by the current be diseoututmd. tin 
ilame will disappt'ur ; it is, in laid, imi sidf suppiudmg. but ilept uds on 
the accessory supply of lu‘al through the eleetrieall) heated wux . !! 

now the ring is raised to a liiglu'r tempt'rnture a brighter Ilame results, 
owing to au iiicnaisi'd rate of ehmuii’al at'tiou, ami at last we shall r* aeh 
a point where it is possible to cut off tlie eleidrii’ eurreiil willioul eausmg 
at the sanu' time the extinction of the flame. Ilus is thr- true 
temperature of ignition, tlu* temperaturt* at whi<’h the reaction |iroereds 
at u rate just sulhcitad to overbaluuet* tlu* loss of heat by radialloiu 
conduction, and conveedion from the burning layer <if gases, so that the 
next layer is put in tlu* same state, ami sti*atiy <*ombustHin priH’reds. 

The luininium temperature* at which the reai*ti«»u m a combustibfi 
mixture of gases lieeomes st‘lf-supporting is termed^ the Afi/i fgaibon 
temperature. This may not correspond to oniinarv ignttion. In many 
cases au ordinary Ilame, causing more or less complete and rafud 
combustion, cannot be obtaiiietl l»y beating a gas to its sub ignition 
temperature, and in I host* eases in whieh such a tlame apju ais it m 
only produced through the interim*diary tifa cool llaim |p. 7i}|. 

In the ease of a h'W sulistunees tlu* ignition temperature Ins at 
or below that of tlu* atmosphere. Liquid phosphoretted hydrogni, 
F2ll4, and certain metallie alkyl derivatives are ensi's in poml. din si 
are spontaneously iidlammalile (see p. 50). Hire gaseous liVifrogeii 
phosphide, Flly, may Ik* iguittal by a tube of Imiling watt r, ami earboit 
bisulphide vapour by a gently heated glass rod, the ignition teiiiperiitiire 
ill this latter ease being aliout 120‘‘ (’. An interesting ease of iginf nni is 
afforded by ordinary ethyl ether.^ Its vapour ignites when imxrd with 
air and allowed to rush into a partly i*xlinusttal tube. I1ir eoinrrsion 
of the translational energy of the mixture into heat as the gases niti-r tlie 

^ i«dig, J, I ml, Eng, Vhrm., HI2U, la, UHIH. Oifliataa nmulu 
Safctorly and Burton {Tmns, Eog, Nm, Vmmth, Hllil, 13. |:i|. 211 1, •ii'Iim f..tiiid 1I14I. tii 
their particular axi'wnmente, the |M‘rccntagc c»f hytir‘»««’n iiunlii 0* 2*i 

the mixture became kdlammahlc. With im*w than 2H nuit. »4 hvdfugi-ii thr nu^iiirr 
burned. 

® Wheeler, Tram. l-mL Mining Eng,^ 192 * 2 . 63, M. 

Borrowing Smithclk’ illuatratiim. B.A. 77. liMi. 

* White and Ihice, Tram, Ohem. *Vor., 1919 , 115, 1492 . 

® McClelland and Gill, Eci Froc, Hog, Dublin Em,, I92li, 16, lull. 
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tube effecting a rise in temperature sufficient to attain to the ignition 
point. 

In 1816 Davy ^ gave the results of the first systematic attempts to 
determine the ignition temperatures of the more common combustible 
gases. He found as follows : 

Ignition Temperature. 

Hydrogen . . . . . “ Lowest visible heat of iron ” 

(i.e. approx. 500° C.). 

SorLnoxide} ■ • • lieat (i.e. approx. 700° C.). 

Firedamp (methane) . . . Iron in brilliant combustion. 

The importance of the subject, particularly in connection with 
hydrocarbons, will be evident when its bearing upon explosions in coal 
mines is remembered.^ Of modern methods of determining ignition 
temperatures, the following deserve consideration : 

I. A stream of the combustible gases mixed with air is passed 
through a tube, the temperature of which is raised until the gases 
inflame.^ 

In the experiments of Meyer and Miinch the mixture of combustible 
gases and air (or oxygen) was passed through a capillary tube to the 
base of a small glass vessel, in which the ignition was destined to take 
place, and which was inserted in the bulb of an air thermometer. When 
the mixture inflamed, the temperature of the gases was calculated from 
the volume of the gas in the air thermometer. 

This method is simple and possesses the advantage of yielding results 
at atmospheric pressures. But the results are liable to be influenced by 
the catalytic activity of the walls of the tube. Some of the results 
obtained in this manner are given in the table on p. 108. 

It is important to remember that these results refer to the ignition 
temperatures of the gases when in motion. These are not quite the 
same as when the gases are at rest. Thus, it has been observed ^ that 
the ignition temperature of detonating gas at 150 mm. pressure falls as 
the velocity rises to a maximum, after which further increase in the 
velocity has but little influence. This is well shown by the following 
data : 

Velocity® .... 37 93 130 187 280 

Ignition temperature, ° C. . 601 594 593 592 592 

The ignition temperature rises with the pressure {vide infra). The 
diameter of the tube is without influence between the range 3*6 to 11 mm. 
With tubes of diameter less than 0-5 mm. no definite ignition temperature 
has been observed.^ 

^ Davy, Phil. Trans., 1816, io 6 , 7. 

^ A useful summary on the ignition of firedamp is given by Wheeler, Trans. Inst. 
Mining Eng., 1922, 43 , 14. For researches on the inflammation temperatures of mixtures 
of organic vapours—alcohol, acetone, ether—^in air or oxygen, see White and Price, Trans. 
Chem. Soc., 1919, 115 , 1462 ; Alilaire, Conipt. rend., 1919, 168 , 729 ; Moore, J. Soc. Chem. 
Ind., 1917, 36 , 109 ; Holm, Zeitsch. angew. Chem., 1913, 26 , [1], 273. 

3 Mallard and Le Chatelier, Gompt. rend., 1880, 91 , 825 ; Meyer and Freyer, Ber., 1892, 
25 , 622; Zeitsch. physikal. Chem., 1893, ii, 28 ; Meyer and Munch, Ber., 1893, 26 , 2421; 
Gautier and H61ier, Gompt. rend., 1896, 122 , 566 ; Helier, Ann. Chim. Phys., 1897 [7], 10 , 
521; Bodenstein, Zeitsch. physikal. Chem., 1899, 29 , 665. 

^ A. Mitscherlich, Zeitsch. anorg. Chem., 1921, 121 , 53 ; 1916, 98 , 145. 

s The velocity is expressed as the number of c.c. passing a cross-section of 1 sq. cm. 
per minute. 
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THE rHEMrc\\L PHOPEUTfES HF liXVUKX. 

only ensuml a coiisHuit supply <>tHVt*sh hoi K^as, hut uKu thr rninii'^il i.ir lln- 
pi'oduels of slow (HHuhustion. It was fouiai that 
constant n^sults could In* oi^lniiusl ptauitird thc 
rateor flowortlu‘ ta)nd>uslihlc i^as Ihnaii'fi tin-ori¬ 
fice Gaud the diaiuetta*oftheoutta'tube Doxeredrd 
certain luininunu vahu‘s. Thus, for <‘Xanipli\ in t la* 
case oriiydro^uai and oxyi^nau with an outer tube $3 
mm. in ciianuder and an orith*e of I mm. diameter, 
a. constant ignition tc'mpca'uttire was obtained pro 
vided th(‘ vohmu* of hydni^^en eseapiin^ through 
C exceeded 0 c.c. pta* minute. With n wider IuIh' 
a more rai>id tlow of hydrojijen was ««ssentiai. 

Catalytic aedion of the walls ai' the tulas is 
clearly reduced to a minimum. It will In* ob 
servecl that the ttauperaturc* of i^mition yielded 
in this apparatus is not the samt* as that 

obtained by Midhod I. It is that to whieh the 
^ases must b(‘ lu‘att‘d st‘|>arately in order ti> in* 
flame imuu‘<liately upon (’onta<d. 

Kx}ycrim(‘nts currii'd out with hydroiieii ntal 
oxygen at prt‘ssurt‘s ranging from FiH mm. to 
14(>0 mm. yicldc^d iiiten'stini^; results, some af 
which wcTC as follow : 
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IGNITION TEMPERATUEES OF HYDROGEN AND 
OXYGEN AT VARIOUS PRESSURKH. 

(Dixon and (Vmard. IlMHh) 


PrrHMuns mm. 


427 

548 

7(H) 

880 

t)(H) 

lOdO 

I 

1455 


fmuUiiit 

Temj«^mtufK\ ' <*. 


51)7 

mm 

5P2 

5H(I 

5H0 

577 

5Tt) 

5114 


llriiisirli.* 


,4|rai| III* tfiri'r 
Mritn Ilf iW'ii, 
Mrnn of fiiiir. 


MriiSi Ilf ilirre 


Fhc i^nitimi tcniperatiiir'r is seen to rise Inil slui'ily n.^ tin* |ifr%*tifr 
falls to almost hall an idiriospltere ; hut siii^rntse of jirrsAiirr- lilitiir unr 

atmosphen* efftets a <*onsi(l«rablf daprrHsitat (,r ihr i,»ujwr« 

tare. The riit<- <)f <U-pr<-Ksit>ii, whilnt wrll nmrknt *iii l.. ,iur dial « h«ir 
atmosphm-s is much slower iirtcrwurds, ami at hmli |>r(.stirf. (hr 

hurlv .■oustant I,t ttlauH 

550 to 5CI0 C , 

folbw^ lit iitmosjtluTir iinsstirr «rr. 
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OXYGEN. 


IGNITION TEMPERATURES. 
(Dixon and Coward, 1909.) 


Coni huHtil )1 0 Mi xt-ur(*. 

Ignition 

1 \nnp(*ratni'c, 

" C. 

tJoinbuHtihlo Mixture. 

Ignition 

Teunpeiraiurts 

I lydrog(*n-ox 3 ^gen 

582-504 

(!arl)on monoxide*- 


I lyeirog(*n-air . 

582-504 

e)xyge‘n (elric'd ovt*r 


Mt'thanc-oxyge'n 

550-700 

sulplmric acid) 

08!) ms 

Mcthauc-air 

(>50-750 

Carbon me>ne)xide‘-a.ir 


Ethan (>oxyg(‘n 

5(K)-Gm) 

(hioLst) 

044 058 

Ethauc-air 

500 (500 

Cyanogc'n-oxygc'u 

800-818 

Pro})anc‘~oxygcn 

El hylene-eixygcM 

‘14)0-570 

Cyanogen-air . 

850 8(52 

500-510 

llydre-)ge‘n stdphide*- 


Et by Icn e-air . 

542 517 

oxygcii 

220 205 

Acetylciu'-oxyge'n 

Id 0-440 

llyelroge'H suljihielc- 


Acetylcn(‘-air . 

too 440 

air 

010 079 

Carb 0 n monoxide*- 


Amnionia-eixygt'u 

700 8(50 

oxyge*!! (moist) 

(507 000 




It is inUavstin^y to noti* that tlu‘ ipfnition t(‘in])CTat\ir(‘ of hydrog(*n in 
oxy^nai was I'onnd tlu^ sanu* as for hydrogcai in air. Tlu‘ sanu‘ is tru<‘ 
^oncrally for carbon monoxide* and ethane ; hnt not for itudhane or 
ethylene*. Cyanogen and hydroge*n snlphide* ignite* at te*n\pe‘rutnres in 
e>xygen <*onside‘ral)ly Iowe*r than in air. In the* latte*!' case*, i!!de*e*ei, the'n* 
is a eliffe‘r(‘nc(‘ of 1 

III. Aeliahatic (’onijiressieni.- It is a matte'r of common knowle'elge* 
lhal. whei! a gas is ra|)i<lly e‘e)mpr(‘sse*el, a rise in t(*mpcrat\!re‘ take's plae'e*, 
the* r(‘latie)nship hetw(‘e‘n the* iriitial aiul final te*mpcrntnr(*s lH*ing givaai 
hv the* e'xpre'ssion 

T, /Viy-' 

t ;. w'J 

when T is the* ahse)lut(‘ t(‘ni|)eratnr(* and y tin* ratio of tlic* gase*ons 
spe'cilie* h(*ats at e’onstant pre'ssnrc and volume*. 

It is e*le*ar that if a mixture* of a ce)mhustil)le‘ gas and air we*re* (‘mple!ye*el 
and the* e*e)m})re*ssion were* su(1icie*ntly gre*at, the* te'ieipcratnre* might rise* 
te> the* ignitie)n-|)e)int anel rapid (‘onihustion e'Usnc. This was suggcstt*et 
many ye*ars ago by Ne'rnst, and e*arrie*d into e‘ffe*(*t by Falk ^ in 190(J 
and i>y J)ixe>!i c‘ight ye'urs lnie*r. Falk’s me'tliod, whicli may lu* re*gard(*d 
as of a pie)ne*(‘ring charae'ter, is o}K*n to criticism ^ and lias led to untrust¬ 
worthy re*sults. 

The* a])))aratus empIoy(*d })y Dixon and (‘rofts is shown in fig. Kf 
anel (*onsist(‘d of a ste'cl e*ylindc‘r, .50 (*m. in leaigth, hore*d with a c(*ntral 

^ Falk, J. Amer. Chem. 1906, 28 , 1517 ; 1907, 29 . 1536. 

^ Dixon anel Crofts, Tram. Chem. Noe., 1914, 105 , 20.16. Seio also Ti'/aal anti Pye 
Phil. Mag., 1922, 44 , 79. 

Dixtjn, Braelshaw, ami (Jampb<41, Tram. Chem. *SV>c., 1914, 105 , 2027. 
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(‘nvity, whicli at the hixne was enlarged abruptly so that it could be 
c‘losecl with a steel plate, kept iii ])laee by means of a powerful 
screw. An annular washer of lead served to keep the joint gastight, 
the lead being squec'zed well into place 


^eith th(‘ aid of the screw. A liole was 
pierecal throng]i the side wall A near 
the })ottom of th(‘ narrow bor(‘, and 
fitted witli a stcn^l ])lung(a\ so that the 
cavity could 1)(‘ clos(‘d during compres¬ 
sion or o])c‘ned in (‘onnection with a, 
gas-holder or tlu‘ outsider ait when fill¬ 
ing or emptying. A cylindrical piston 
fitt(‘d loosedy into tlu^ ex])losion cham- 
hei\ its lowcT extremity being fitted 
with a leath(‘r waslua’ and a. bronze 
(‘ap, whicdi mad(‘ a, elos(‘ sliding fit with 
the cylindrical walls. 

The dcsc(‘nt of tlu‘ (‘ylindia* was 
<*entred by tlu‘ stiad (‘ollar, and hard 
chrome stia^l plalc's, (‘ut with a. slot, 
could Ih‘ ])la<‘c‘d on this (‘ollar to stoj) 
tlu‘ piston-Iu'ad at any i)oinl. in its d(‘- 
s<^cnt. The cylinder was hedd by an iron 
frames which r(‘st(‘(l upon a large cou- 
crett^ b(‘(i. It was surrounded by a, 
brass wnt(a'-ja(‘kcd., not shown in the 
figur(\ for n'gulaiing tlu' t(‘m|KTatur(.‘. 
Th(‘ <»om]m‘Ssion was (dTected by allow¬ 
ing a mass of iron, wcdghiiig 70 kilo¬ 
grams (2-5 cwt.), to fall from a given 
h(‘ight, usually 1-5 meln‘S (5 IVct) on 



t.o n. Lanoliiu' was employed as Pk,. ia.-—Hjxon and Crofts’apparatus 
lubricant. (19U). 

Th(‘ vahu‘ for y was taken as l*d0, 

and th<‘ assumption made that tluTc was no loss of heat during the 


(‘ompn'ssion of 1 hi‘ gas<\s in the cylinder. A(d;ually that was not quite 
th(‘ (‘ns(\ but c‘X})crimcut showed that the (‘ompressiou lasted only about 
0*00 s(*(‘ond in the <‘ast‘ of idecdrolytic gas, so that tht‘ loss of heat would 


be small. Tlu* (dr(‘(d. would be to raise tlui (‘alculatc'd tcaupcTatun^ of 


ignition. Tlu* expiainuaits wt‘rt‘ (’arricxl out by the method of trial and 
(‘iTor, liy ngmiating tlu‘ uumher of st(‘el collars until an explosion just 
took ])la(‘(‘. Tlu' initial and hual vohim(\s w'crc thus known, and these 
(lata, ecmpled with tlu* initial temperatures (‘nahlt‘d the ignition tem- 
l)(‘rutur(‘ to bt‘ ealeulat(‘d from the* ecpiation given almvc. The main 
r(*snlts obi aim'd an* glvtai in the table on p, 112. 


A study was madt‘ of tlu‘ inllucnee of the initial temperature upon the 
ignition,* but variation Ixdwt'cn th<‘ normal tctn])craturc of the room 
and 100® C. mack' no a))pr(X*iabl(‘ (liffc‘rcnc(‘. Increase of pressure 
likewise uppt'uixxl without effect, although reduction to half an atmo- 
sphen* raisc'd tlu' ignition tcanperature from 520® to 549® C. Addition 
of exe(‘ss of oxygcai b(‘yond that nxpiired for complete combustion 


^ T)iK(»n and Crofts, loc, cM. 
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THE IGNITION TEMPERATURES OF HYDROGEN AND 
OXYGEN AS DETERMINED BY ADIABATIC COM¬ 
PRESSION. (Dixon and Crofts, 1011.) 


Relative Volumes of 
the Gases. 

Initial Tempera¬ 
ture, ° C. 

Initial Pressure 
(Atm.). 

Ignition Tem])era- 
ture, 

2H,H-02 . 

Room 

1-0 

520 



10 

520* 


100 

lO 

527 

2 H 2 +O 2 

Room 

0-5 

5t9 



1-0 

520 



1-5 

520 



20 

527 

2H,+0, . 

Room 

1*0 

520 




511 

2H2+02+'^0 



478 

2 H 2 +O 2 -I-I 5 O 2 



472 

2 H 2 +02+310 2 




2 H 2 +O 2 . 

Room 

l-O 

520 

2 H 2 +O 2 +H 2 



544 

2 H 2 +O 2 + 2 H 2 



501 

2 H 2 +02+4112 



002 

2 II 2+0 2 + 8 H 2 



670 

2H2+02+13H2t . 



702 

2 H 2 +O 2 

Room 

10 

520 

2 H 2 +O 2 +N 2 



537 

2 H 2 +O 2 + 2 N 2 



541) 

2 H 2 +O 2 + 4 N 2 



571 

2 H 2 +O 2 + 8 N 2 



015 

2 H 2 +O 2 +I 4 N 2 



712 


IGNITION TEMPERATURES OF MIXTURES OF 
ELECTROLYTIC GAS AND ARGON. i 
(Crofts, 1915.) 


Gaseous Mixture. 

Temperature, ® 0. 

2112 +O 2 

520 

+A 

532 

-I-2A 

545 

-I-3A 

557 

-H4A 

570 

-1-8 A 

022 

H-12A 

074 


* Crofts, Trans. Chem. 8oc., 1914, 105 , 2036. 

t It is interesting to note that this mixture will not explode with a spark under normal 
conditions (Koszkowski, Zeitsch. physikai. Chem., 1891, 7 , 486). 

* Crofts, Trans. Chem. Soo., 1915, 107 , 299. 
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resultt‘(l in u ‘jfnulual clc'pn'ssion of tlu* i<j:uitiou ttauperalurt' ^ until, 
wlien th(‘ guises wen* in tlu* pro[K)rlions 2lL I *‘1202^ nu ex})losion would 
take plata*. 

Addition of (‘xe(‘ss of hydrojicen, on llu* otlua’ hand, s(‘rved to raise 
tlu* ignition tt^uiperatun* - stt‘a(iily, with praeiit'aUy lint‘ar pri'eision, so 
that, tlu* tc'upu'raturt' of igiution in tin* pn'seiUH* of .r inoIe(‘ult‘S of 
hydrog(‘n, within tiu* limits ,v () and i:h (‘ould la* ealeulai(‘d IVoiu tlu* 
(‘xprt'ssion 

(211 2 j (>2 i ('Xplodes at (a^t) 1 

Nitrog(‘n h(*havt*d similarly,“ the <‘orresponding expression hetw<‘en the 
limits ,r () and I t being 

('illo, ! Oa ! n^pkxles at (52d | M.r) ' i\ 

IV. A fourth nu'thod, (’inployed hy Fiesel,** etmsisis in raising the* 
eomhustihle gases separatt‘ly to a gi\*en temj>erature, allowing tlu'iu to 



mix, and noting hy means of a deli<‘ati* nnanhram* uv a manometer 
whethm or not a differema* in pressuia* oeeurs. Variation in pressuiH* 
indi(‘ati‘S eheini<‘al elumgia 

The a|iparatus tamsisted <jf an iron glol>e V (hg. IT), in wlueli ecan- 
Imsiimt trade plaee. Intc» this was tixed a t Inn-wallet! glass bulb ('h 
attaehed to a nunnma'ter M, and tti» tlu' t>xygen supply* A small piet*e 
of rmdal is hung in the ruhher-pressure tubing at. li, amt can he re¬ 
leased at will. V rests on an iron pillar A, ami is kept in position hy 
the irtm tula* Ih whieh is presstsl <»n t<j it hy serewing up imts Isj, 

Tlu* apparatus was plaeeti in an eleetrie ftu’uaee and (J lilletl with 

* FifMt eltjiemnl hy Mtillitr*! imtl (‘Imtelier, Cttmpi, IHKU, 91, H'lfh See ftI«o 

lldirr, Ann. 1%/.^., tH*a7» 10. i»:it ; Z^'itnvh. phijmbd, fVirw,* IHIHh 39 .^ 

IIII 5 ; Kinirh, ilMHl, 21 . Ineli ; Fitlk, Amtr, f'ht'm.. Sur... tlllMI. 28 , t»Tl 7 ; 

39 , mm. 

® Distat i4U*l tVuflH, liH\ ril. ^ Fienel, Zribrh, phtf^ihU. OTa-w., Hril, 97, IftB. 

U 
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oxygen. The temperature was now raised, and hydrogen introduced 
into C. A steady temperature being attained, as registered by two 
thermo-couples in C (not shown in the figure), the pressure of the oxygen 
in G was slightly increased, and the metal piece in B allowed to fall and 
break G, thus causing the oxygen to pour into the hydrogen. If com¬ 
bustion took place, a variation in pressure occurred which was registered 
either by the manometer or by a delicate membrane attached thereto. 

The following results were obtained : 


IGNITION TEMPERATURES OF MIXTURES OF 
OXYGEN AND HYDROGEN. 

(Fiesel, 1921.) 


Gaseous Mixture. 

Dry Gases. 

Moist Gases. 


°C. 

°C. 

H2+O2 . 

407 

407 to 417 

3H2H-202 

397*5 

398 to 420 

2 H 2 +O 2 

401 

401 to 425 

3 H 2 +O 2 

412 

436 

4 H 2 +O 2 

433 

479 


The minimum ignition temperature was found to occur with 3 
volumes of hydrogen to 2 of oxygen, both in the dry and when moist. 
Further addition of hydrogen raised the ignition temperature, as was 
observed by Dixon and Crofts, but the results obtained by the latter 
investigators were very much higher (see p. 112 ). 

With the moist gases the rate of combination suggested a bimolecular 
reaction, which might proceed through the formation of hydrogen 
peroxide. For the dry gases the reaction was found to be trimolccular, 
as is to be expected from the equation : 

2H2H-02=2H,0. 

The results for acetylene were not altogether satisfactory, the 
ignition temperature of a mixture of acetylene and air appeared to be 
about 390° C. 

V. Hot-wire Ignition.—Attention has already been directed to the 
influence exerted by hot, solid surfaces upon gaseous combustion (see 
p. 70). Mallard and Le Chatelier examined the effect of heated wire 
gauze upon the combustion of firedamp, and several later investigators 
have studied the problem of gaseous ignition in contact with hot wires.^ 
These researches have been mainly concerned with methane and fire¬ 
damp. More extensive experiments were carried out by Thornton ^ in 
1919, who admitted various combustible mixtures to a small glass 
vessel A (fig. 18) of capacity 50 c.c. Thin wire B, soldered to thick 
copper leads C D, was then rapidly heated by an electric current. It 
was observed that there was for each diameter and metal a particular 

^ See Denoel, Ann, Min. Belg., 1907, 12 , 1088; Cour|ot and Meunier, Oompt. rend., 
3907, 145 , 1161 ; 1898, 127 , 559 ; Hauser, Legons sur le Orison (Madrid, 1908). 

2 Thornton, Phil, 1919, 38 , 613. 
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(nim‘ut whic^h just, cuustsl ii^nitiou, provicUsI ihc‘ teiupcTatun' rose 
.siuUli‘uly auil uut ^u'adually. I'ha U)wt‘sl <‘Uitc*uI required Tor iguit- 
iug th<‘ gast‘s uuder tlu‘st* (‘ouditions was 
lUiled, aud from this it was <‘asy to eal- 
eulat,t‘ tlu^ teuiperaturt' of iidhnuiuat iou. 

It. was found that thv phcaionuaia of sur¬ 
face* eouil>ust ion plavc'd an iniportant. part., 
and Itanpt'fatnres ol* ignition wtaa* vtay 
inu(4i low(*r than thost' obiaiinsl I)y tlu' 
methods prtwitmsly des<‘ribed. Thus, for 
c‘xample, the ignition of hydrogtai in air 
began when the ttanperaturt' of th(^ win* 
did not t*x(‘eed ‘iUl * mairly tOO <iegr(H‘s 
lower than the value found l)y Dixon and 
Onward, !uinu*ly, 582 ’ to 5t) t ' ('. Tlu' in- 
llutaua' of variation of prt'ssurt* betwet'U 20 
and 000 c‘nn ineretirv was m*gligiblt\ 
and tin* prop<uiioti of eiunbustible gas 
ex<'rted in general but little (dfeet tq)(m 
the igniting f*urrent. Clearly, th<‘refor(\ 
tlu'St* results are tnon* eoiuparnble with 
thost' eonn<’<’ted with surface eond>ustion 
than witii the ignition <tata dt*termine<l by 
tlu' methods prev iously di‘S<*rib<*d. IH, 'rhonitou’H a|)|>aratiiH 

In 1017 M<d)avid * suggestt'd that. igni» {IDHt}* 

Hon tvinperatures might b<* d<'termined by 

alhnving tiu' mixture td’ <'ombustibl<' gases and air to influH' soap 
Imbbles aiul euusing tlu*s<* to impingt' upon a heated platinum win*. 
'riu‘short time of t'ontac’t with tlu* wire shotdd rediua* to a. minimum 
any surfn«*i' neti(»n sut*h as that <h'tail<‘d abovt'. Tht' r<’sults obtained, 
howi'ver, an* of uiuH'rtain vadtu',“ 

Flash-point. The temperaturt' at which tlu' vapour of a. licpiicl 
Ih'coiiu'S intlummable in air when ignitc'd is usually ternu'd its flash¬ 
point. Ftu* h'gnl purposi’s it is <»ftt’n m't'essary to <i«'tt*rmim‘ this 
ttanperattU’e with at'euraey, and <'nrefully stnndardist'd apparatus is 
emphwed for the purpose'. T'hc Hash-point of an oil is frispieiitly a 
useful imlex its ptrrity. Thus, ha* exsnnph*, the* prt'Si'itea* of rosin 

eah flash-peant 155 to MH) is reiulily (h'tes'ttsi in this manner, in 
linseial oil, llash»p<ant 250 C. 'i’he; following Hash-points rt'fer t<i 
e'eanmon eals and s|-arits : ** 

Klniele 


LinsiH’ti oil , , . . . 

250 

Itosin oil ..... 

, 155 UlO 

Handlin ilhmunatingeals 

, m 50 

Turpeaitine , . . . . 

. 85 10 

Ilosin spirit ..... 

. 85 - to 

Xiiplithn ..... 

10 21 

!V|<'thylaied spirit. .... 

It 10 

FJhyi ideolied, 00-0 per <‘eid. . 

11 

Ether ..... 

. 

^ TmtiM, i'hrm, Stfr,^ 1017, ill, ICKJO. 

^ While Ufa! iTlre, 1010, IIS» 

* Farlhrr elittii fire gmm hy Iluim, ZHt^ch* 

. OhmLt lOCI, 26, 273. 
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OXYdKX. 


The mininuun fhish-point \\n* ilhimiHafititi oils in this l•tllIlltrv 

is F., ie, 22-8''‘ i\ 

For binary inixtnrfs <*f rfhyl ami uatrr flit- \'aliu's 

have* hctai ohtaiiu'd : * 

Kthyl alcuhoK per (‘rut. !)y a7’2 at-U 01 U !»O it sA ii hh I 7;,. | 

Flash-point. . . .11 Kt I."'* it> 1(7;; |T-.t IS'.j 

Th(‘ flash-point cannot Ih‘ oalctilatrtl by' sunplr prupurtioii from thr 
lIash-poi!its id’ liu* (amstitnonts.^' Im-roasr of prrssnrr trmis to raiso 
the I’lasli-point.'*’ Thus, in tlu‘ east* of a ki'rt»stiir, tho fidlowimi data 
hav(‘ I)(‘tai obiaintsl : 

Pressure in nun, . 7UU Hit Hnu Hi>2 

Flash-pcant, ' • *41 4H tM 

Flash-points (hdernhned in an oxyi^ou ntnu^spht-rr aro apprteiiibly 
lowor than in air. 

Th(‘ foregoing rt*snlts rofor to what may br tt rmrd tlir /our'r 
paint, that is, the tenipta'ature of inflnnmiatitm ufaii tin oinnlnistiblr 
vapotir is pn'srtit in suilleic-nt t|nantilv ft* rraeli tin lourr Inml, 'ria rr 
is a eorrespondini*: upper Jiush-paint, uhioh is sridom r« IVrrrr! to 
and which may hc‘ (iidennimal by sparkin»i in a imn'r or trs\ ronlinrd 
spae(‘. It n*pn‘sents* flu* iomperature <»f udlamimdioit of tin' iapoin 
at its hight‘r Unhid 

SeviTal attempts !mv<* bta-u math* to oonnr<*t tin- Hash point uitli 
CiTtain other physical <*onstimts tif tin- sniistam-rs eoimt nmd, simh as 
the vaponr pressurt* and boilinj^-|>ointbnt tin* most sueerssfnt is tliat 
of Onnandy and Fravt-n^ who point iiut that, at tln ir llasli pomt% 
diffen-nt hydrocarbons i-xert approximatrly tin* same vapmir fusssurrs 
The followinjLi: relationslhp is fimnd to Imtd to a rotndi approximation : 

Flnsh->[Khnt /** boiling'point, 

(idwolute Tt (uk^olnm Tl 

where k is a eonstant whichi varn-s neeordin»| to the type of eoiidiiistilht- 
and the nature of the Hash-point, namely, wln tln-r liiidn r or loner. 
In the ease of t he hydroearbons a im-ait value iif teinil has bent old amid 
for the lowiT Hash-point eiuistant, ainl O HUO tVir the Inidier. A fi w 
values are given in tiu? tnbh- on p, I IT. 

The temi>eraiun‘s at^ whieh s<»lids, in tin* eompaet form, wdl n,mile m 
air without tlu- a|>plii*idion ot any spark tir oilier lot-id hiiih teiii|is*ratiire, 
have O(‘easionidly been delt-rmim-d. Thv following an a few of the 
better-known rc*sults (|n 117). 


Snow Unufokm PuoeAcnvTioM or Fua^ik. 

In 1882 Midlanl and Le (1uiU*iic*r ^ gave the results of ari invest tonlifai 
into the rait^ of propagation of flame in mixl.iireH of air and n eofiilmstdile 

/ Ormandy and Cmvnn../. /a4. PdmL Trek , 8, I4A. See uUn J.. Snr, (%rm. 

Ind., 1918,173a. * Hlierman, Umy,and Hamiitemhig, J. /#e/. HmiJ'h'm,, i, |:i. 

^ Ormandy ami Craven, lor. ril. 

^ A convenient apparatiw for determining both of tht*«o ntle-r or 

above atmosphere tem|>tratiire is deserilnsl by Ormamlv ititil rraveti, J, /ii 4 . IMml 
Tech,^ 1922 , 8 , 145 . 

Charitsohko^ J. 1 %^ Ohem. isW., 19ns. 40 . |:|S; and lUmm, 

Collerfcd Saitmm! Vhitmml Labarntary, 1912, S, :i«; artrwis J, |V|r.4 
Twk, 1921, 7 , 26,99. . ^ • . 

® Mallard and Is Chatelier, Bulk Bm, cMm., 1882 , IdJ, 39 , :i«i 
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UPPER AND LOWER FLASH-POINTS. 
(Onuaiidy and C’ravcMU 1022.) 


Substunrc, 

Boiling" ! 
Point, '' P. ’ 

1 

Lowtn* 

Elusli- 

1 

i 

l*o\vc‘r 1 
Coast ant, i 

ri>lH‘r 

Flash- 

UlUXT 

('oast ant, 


(H)int, ’ P. 

L 

point, 

k. 

i 

1 

nc‘Xaue . . . ; 

(M. 

20 

0'7.‘M. 

1 

0*810 

He{)faiu‘ . . 

08 

1 

0'70 4 . 

17 

0*780 

1 Hc'uzeiu' 

80 

12 

0*7*30 

10 

0*802 

i 


(solid) 




I'ohu'Ut* . . ' 

100 

' to 

0*71.0 ! 

00 

0*70 1. 

'Furps 

150 

08 

0*700 

55 

0*775 

.Mt*t hyl aleohol 

Ot 

1 

0*800 

02 

0*000 

Ethyl alc‘ulu>l 

78 

11 

0*810 

02 

0*870 

Aec'toue . . ‘ 

5() 

18 

0*777 

2 

0*807 

Ether 

U 

Id 

0*750 

-■■27 

0-802 


(arljon Diatnond . 

(Iraphilt’ . 
C'han‘nal . 

Sulplmr in air 

in c>xy^n*n 

Plumpluinih nnl 

yrliow 


Igiatiou Ttau|Ka*aturts U. 


800 Hi5() 

000 

0k> 

218,1 20 lumA 

257 ■ 201-/ 282;* 

255 200. 

c. 00. 


jjfas stU'li as liytlrt^^iai auii iiudhanr. U Wiis nhsrrvfd that if llu* rnm- 
lmstibh‘ niixturi* was i^nittsl at the nlosi’d caul nta luanzontal tuhc’, n|Hai 
ti» the* air at tlu* tiihur caul, the* tlamu t<aidc*d to travel with itu*n‘asiu|4 
VilcHaty towards the* coaii caul. In a dvtoiiatin^ mixture cd’ Itydrcigcni 
and air u s|hhhI of 80(t metres per see<»nd was rt*< 4 istered. If, tm the 
edhea* hand, the c’ombtistihh* mixture* was ignited at ttie (iptai end, 
tlu- flame* was ohsi/rvcal to travel for a slujrt distanee at a uniform spec*(L 
'riiis was folicnvtst by a vibrntcay m(»v<‘ment, in tiie eottrse of whieli, tint 
flanii* Iravt’lled bat*kwards iind forwards in an irregular manner, the 
mejm spca.‘d frtan jioint to point ulon^ the tube bein^ usually ^reatta* 
than that of tlie uniform nurvi’inent, Tht‘se vibrations usually eontinued 

* Hill, i*karm, 24 , ; (*htm, Xt UK% IHOU, 61 , 12 * 1 . 

M‘Prt*ii iuict Wikiai, (*Iwm. Xor.’i, HHI7, 96 , 25. Mine rmumf hy Hill, i5iV., 

9S* 

nimait, 61 , 113* 


*Meto 4 ia, (Jumjd, muLf 1303, 137 , 147. 
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to the end of the tube, Init sonudinu^s, tlurini^^ a parlteiihtrly viohait 
vibration, the lliunv br rxtiit.uiuslH-d, imui**' t»i rHutaiiimalinn 

of the as yet uuinirnf nhxturr witli th*'iinniin'ts i»t' ooiiiieiHtifiii. 

The iiiitial slow propa^ijalitai td' (laiiu- oau bt- iiiai!s!aiH**i| at a nitifuriii 
speed over a eonsidorablo tiistauet> itf tra\rl fr«au I lu ptmit tif 
with all eoinbustiblr mixtures <»t i^asis malt r urdmar) i-uiiditions of 
temperature and prosstire, {»ruvidfd sm!at»l«‘ pm’autmns an' Irdviud 
The eonditions most favouratde t<* i)btam ami uiajidam this uiiiturm 
movement are that tiio iidhuumablr imxtun- slimild hr roiitaiiird m a 
lon^f, strai|>:ht, ami iunr/ontal tubi* t»jifu at t»nr rud and eiusfd at thr 
(diier ; and that ii^nition simuhl bt* rlb-etrt! at tin.' and ol tie.' lubf* 

by a souree of heid not grcadlv oXiTi-dtiller m tomprndun- ihv 
temperatun* of tlir mixtunx and ntd pnHtm*fi\r of maolmnieid dis-» 
turbama* of the mixturt*. 'ilir spoi-t! tif tin* tmildrm imoiiiitatf thru 
depends on the eom|iositi<in of tho mixture ;iuil on tin* dnuuetrT of tin* 
eontainini^ tube. Aimve a eertaia (small| liiauM'ler the material ot 
which the iuln* is math* thn-s tioi appri-eiubly affect the specel of the 
flame. With a tuln* of iliametta* tlu* speetl tif tin* uniform mi»ve^ 

meat of flume in a mixture may a<*et»rtlitn^ to Mnsmi and Wheeler 
be regarded us a definite (dusieul eonstunt for that mi\tun*d 


A 



Several methods iiave been adopted for the un aMiremrnl id tlamr 
speeds. If the flames are sulheiently netinh’ to nfh et a pliotograplue 
plate, jiennanent records may be obtuimal on revolving drums ia aring 
the films. Mallard and l#e (‘hatelier ^ employed this metliia! m their 
rescarehes on mixturi*s of carbon thsulpliitle with nilritMixide or oxygi u, 
the flames of wliieli are well known to In* highly uidime, wlnKt Mastm 
and Wlieeler ^ were abk* to apply the methml with t*onspieuous siitaass 
to mixtures of aeetylene and air. The a«d.uid llitme speed is olitiimeil 
by eomparison with the waves matle Miimltaneously on the plaitogriiplin’ 
drum by means of a iuningdork of kmiwn fre<|tniitn . 

For the examination of llami*s, siieli as those of mixtures of iiirihaiir 
and air, which are non-aetinit% varituis devi<*es have hrmi em|tloyed. A 
useful one used by Wlieek*r consistisl ^ in lilting a liori/,oiitid tiibt^ willi 
tile gaseous mixture, the cuds of the tube being cdoseih as sliow'ii in Itg. i!»» 
by Hanged end-pit'<H*s, bearing taps. S|, Sy,, . were serem wires 

of eopi'ier, Od)2i5 mm. in iliameterA llinsnted verticidly aero*»s the lube 
through Ihu* holes jiieretd tlirough the walls, 

^ Muhou aiul WhtHsbr, Tmm, Vhruu liUI, lU, 1014. 

® Mallard ami (’hatelier, Ann, l^HU, fHj, 4 , UliX Kill's rrii#i.», i''hm 

ISm,, 1023, 123 , 143r>. 

•* Masea and Wheeler, Tmm. (*hrm, Soc , HUU, 115 , liiS, 

Wheeler, ibid,^ 1014, 105 , 2 lHHh 

Parker and A. V. lihead {UmL, UH4, 105 , ‘ilfiO) iiw^d llitii *4 

iiH‘ltirw-|M>iat IS” (’. Thenu were made by the msdtni iImwii tliii 

produced by fekliug a piece t»f pa|Hjr at aa angle uf IKI ' i\ 
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lu onlrr !o avoid in the nivasureiueuts ol* the speed of the 

ihmie any impetus that mi»ht. l)e ^dveu by tlu‘ i<j:iutiug spark, t!ie first 
sert‘eii-\vin‘ was fixed 14) eni. from tlu‘ point of ijUjiiitioii. Other screen- 
wires Wert* lixt'd ,10, 100, 200, dOO, and tOO cm. rt‘S}n‘etively from the first. 

'fhe method of n‘t‘ordin^ tiu* tiim* of passaL»‘e of fiamt* alon^^ the 
tulH* was t*le(‘trieal. Each sert'tai-wiri* earrit'd a small eh‘etri(^ current, 
the interruption of this currt‘nt wlu‘n Hit* flame nu‘ltt‘d tin* wirc\s ht‘in^ 
recorded by tiu* nu>\ t'ment. of an t‘k‘ctro-ma^iU‘t. 

Tlu* eletdrie currt'ut passing throu<rh the screen-\virt‘s was suflici(‘nt 
to raise tlu*m nearly ft) rt‘d heat. This arran^n*m(‘nt t*nsured the rapid 
nu'ltiu^ t»f tlu* wirt‘s as soon as tin* flanu* touclusl tlu'ui, and ther(*f()re 
^ave vt*ry uuiftirm results ; \virt‘s made from nu*tals or alloys of low 
mt*ltin|if-poiiit, which could not bt* drawn so fint* or of so uniform a 
diameter as t'opper, W(*rt‘ found to be unsatisfactoryd 

All t'lei’t rit‘rd conne(‘tions throu<^h tlu* scn*t*n-wires and (*hronograph 
haviiiiif been (‘stablislied, the left-hand end-pieet* of tlu* explosion-tube 
was rt'inovtal (by slidinif it tlownwards) and t he mixture* i^nittsl at the 
now open end by passing an induct ion-t‘oil spark at A,- 

As is evi<h‘nt from the results shown jL^n’ai>hi(*ally in fi^^s. 20 and 21, 
tlu* si7.e t»f the tube exerts an important inlhu‘net‘ upon the flame sp(‘ed. 
In tub{*s of small dianu’tt*r, say h*ss than about 5 cm., tlu* <*oolin|f effect 
of tlu* walls n‘sults in apprecialile n*tardation of the flaiuc sp(*cd. It 
will bf* obstTved that tlu're is not mut‘h diff<*rt*nee in speed in tul)es 
from 5 to 10 cm. in <liamet(‘r, wlu*rcas w!u*n tlu* dianu‘tt*r of the tul)e is 
only 2-0 cm., the speed is iH'duct*d by about 00 p(‘r ct*nt. (*oolin^ by 
the walls thus iuterfert's witli tlu* uu'usun'meid of (lu* trm* spec‘d of the 
uniform nunenu-nt of tlanu* in mixtures of uu'lhaiu* and air unh*ss the 
diameter of the tutu* exei*(‘ds about 5 (*m. 

Wdieu. howe\t*r, tlu* diaau'tcr is iu(*r(‘as(*d above 10 cm., tlu* speed 
t^f the flanu‘s is aflV(*ti*d by tlu* coming into play of anotlu*r factor, 
namely, etuiv t*et ion. 'I'lus is notieeabh* with the fast(‘st moving flames 
in tubes to enn in diameter, the visible effe<*t bt'ing a iurlndenet* of the 
flame front. This is essentially a swirling motion in a direction nearly 
nornnd to the direction <»f translation of tlu* flanu* front, which, as in 
tubes of smaller <Iiameter, progresses at a uniform speed for about 
laO em, btddre backward and forward vibrations art* s(*t up. This 
swirling nmti(»n appears ah utiiha and is dm* to rapid nuwement of the 
hot gases from beltn\ upwards by <*oiivecti(»m In ttdies of (*ompanitively 
small diameter (a to!) cm.) this rapid nuwement is supj)rcsst‘d. 

With tnbi’s * 4 ’ diametiT ranging from t» c‘m. to 17 cm. then* is an 
ap|>iirent retardation in the influence (»f tlu* si'/a* of tlu* iniu*. This was 
first <»bst r\ed by Parker in lUla, but, as is evich'ut from fig. 21 , this 
effect^ is only temp'orary, bw the maximum efft*et. is not evt*n rea.clu‘d 
with a diameter of Dtea cm. Bui it may n‘asonal)ly bt* objec’ted that 
it pipe itf so great a diameter is no longt*r to bt* reganleti as a tube. On 

* jiiitl Wlrrrta’, Traih% (‘htnt, H)17, ill, 1U1-I, 

* iiilltiriirr uf I hr niiturr <»f tlu* .Hjiiirk a|M»a igiutiua Iuih tH*ru wlutih'd hy Morgan 

im»l Whrrirr* i/i’iif/-, 1*421, 119» 299 ; 'rhurntMn, 1920, 40 , 490 ; /Vor. IttHf, Nor., 

liibh |A|. :iH{ : 1914. | A1. 91 , 17 ; 1914. (A|. 90, 272 ; PhiL 1914, 28 , 734 ; 

\Vhri4f'r, Sm\, {92o, 117 , 903 ; Morgan, i 6 <V/.. 1919, 1 x 5 . 94-; Pat^oraon ami 

rii,io|»b'll, /V»«% /7iy/*irfi| LumUm^ 1919, 31 , lOH ; 8 aHtry. TrunH, (*hrm, 1919, 
lO-t). 323 ; 'rrm-H iuol Pirn/,, i'hrm, P3la, ii., P27B ; ./. ftih^hdr.urht,, P4I4, 57 , 990, 

llM.lI, piltl ; Pisward, and Wadmrton, Truim. Chrm. 19P2, lOX, 227H. 

** Piirkri, ilinl., l9lo, 107 , 32H. 
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THE CHEMICAL PROPERTIES OF OXYGEN. 

of ignition. This was discovered by Davy,^ and constituted the starting- 
point of his researches on the construction of his weil-known safety 
lamp for use in coal mines. He found that in tubes |-inch in diameter 
{i.e, 3*63 mm.) explosive mixtures of firedamp and air could not be fired 
as no llame would pass along.^ 

Analogous rc‘sults were obtained by Mallard and Le C^hatelier,^ who 
found the speeds of llame in a mixture of methane and air containing 
1()*1< per cent, of methane, using tubes of glass of different diameters, 
to be as follow : 

Diameter of tube, mm. . . 3-2 5-5 8*0 9*5 12-2 

Speed of llame, cm. per sec. . nil 22 39 41 47 

The methane was impure, it is true, but the result closely agrees with 
that found by Davy with firedamp. A more thorough investigation of 



22 .—lullucncc of tube tlianioior upon the propagation of llame. 
(Paymanand Wheeler, 1918.) 

the sul)ject by Payman and Wlieeler,^ whilst yielding analogous results, 
has rcvcal(‘(rs(‘vcral interesting features. One of the most important 
of these is that thc^ apparent limits of inllammability of methane in 
air become narrowed as the diameter of the tube decreases, until with a 
diameter of 4*5 mm. only one of the seventeen mixtures tested, namely, 
that containing 9-95 per cent, of methane, would propagate llame. 
With 10-15 per (*ent. methane no llame would pass, whilst with 9-5 
per c(‘nt. methane tlie llame only travelled 20 cm. and then b(!came 
e.xtinguishc^d. With a, tube of diameter 3-G mm. no llame propagation 

Davy, Collected Works^ 181(1, 6 , 11. 

» Mallard and 1^- Chatelicr, Ann. Mine,% 1883, [BJ, 4 , 319. 

‘‘ Paynmn and Wheeler, Trans. Chem. 1918, 113 , 65(5. 
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occurred %vitli any of tJu* iuHaiainablt* uuxturi‘,%, llu* n-sults 
with iM)5 and 9*0 {)cr read, iindhain* ari- shown ni inn 22. llir iialtirr 
of the tul)e itself is important, as l>a\y hitusflf was auari*. Mrtal tiilH’s, 
on a.e<'ount' of their <i:reater (‘oolinjLT tdfeet, are inure ellitniait e\tiip^nhslirrs 
of llaine than lytlass, Sima* utay ho la/uartieil as a si-rifs i»t‘ 

thin, transverst* .st*ctit>ns (»f narrow nn-talhe tubes juiurtl tuLn'thrr, 
the b(‘arin^^ of IIh‘S(* results u|H»n I)avy\ sah t) lamp is apparent. 

Considt'ration of t.lie I’urves shown in 2U shows I fiat I In* flame- 
spetids of niixlurt‘s of nn*tham* ami aii steathly rise* to inaximuin \ allies 
as the penH'nta^n* of tin* eondmstihlt* aas is raised from its linver limit 
of 5*(> to alxnit. HI per eeiit. Further addilitm oj‘ mid ham* rediiees the 
speed until the llame is extin^uisheil just hevond the up|ier limit \ahie. 



Fio, 22.—Kkiui^ in ineilmmenir iiuxtareM thlulril wah 

(Miisoii m»t Whri'ler, HH7,| 


This \viis to bt* iuiU(apat.t‘«l fur, beyond a eerlain \adiiia e\eess of the 
combustible gas will usually function as a diluiiit. I’be sliapr' eif Ibe 
curvin tlu*refon‘, is typienb 

Intercasting^results are shown in fig, iii\es the llami'' spi-rils 

of mixtures of inetliane and oxygen with varying profiortions of ffie 
neutral diluent nitrogend Not only dcies the lower metham' liiiiil bill 
slightly with increase of oxygen, but it will be obseinnl Ifmi flii-re are 
great. increas(‘sjn ilu* upper-limit values and in Hie llaine speeiis. 

By decreasing the pi*r<*entage of niiTtigen from lliat |iri sriit m the 
atmosphere to nil, tlie llame speeds show enormously tiilnineed udiir's. 
This is clear from tin* data shown grnphi<*a!l\‘ in tig, 21.^ 

idle anihor points out tlmt the most striking results are fiiosi' for 
mixtures of mt*thane with pure oxygen. 11m s|.ieed is tlieii amu eim 


^ The tliameksr id the wiia h enj. 

* Piiymmi, fmnA (Jhem, ,Hoc,, 11120 , 117 , 54 . 
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per second—more than fifty times that attained in air. It will be 
further observed that the maximum speed of the flame is obtained 
with the mixture in which the methane and oxygen are present in 



Fig. 24.—Flame speeds in methane-air mixtures enriched with oxygen. 

(Payman, 1920.) 

combining proportions, namely, CH4+2O2. This result is in noteworthy 
distinction to that obtaining when the detonation-wave is developed in 
mixtures of methane and oxygen, for the mixture in which the speed of 



0 20 40 60 


PER CENT H2 IN AIR 

Fig. 25.—Flame speeds of hydrogen in air. 

(Haward and Otagawa, 1916.) 

the detonation-wave is greatest contains equal proportions of methane 
and oxygen. The difference is the more striking when it is remembered 
tJiat the uniform movement may give place to the detonation-wave 
after quite a short distance of travel of the flame. 

The flame-speeds of combustible mixtures of hydrogen and air are 
less easy to determine since the lianie travels more rapidly and in some 
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mixtures the explosiuii-wavt* tuay Ih* si'i up atti'i* I hr tiaiiir hais lni\^rlli’d 
hut a sliort distauee (ainiut 2 larires) iVtUii fhr nui nf iiir tiilif. 

Nevertheless a series uf dt-teruiiaaliims has lii-tii piddisfirdd and 
these are shown in 25. (dass tuUi'S thn-f’ rhaMi«-trr% wi-n- riitployed 
namely, 1), 11*5, and 25 mnn respi'^-tividy. TUv rurvr*. shuw that an 
iuertsist' in diameter t*nhanees tin* tlanu' spt't'ii nidy m in 

which iiu* hy<iroet*n is md present in emisid* rahh* r\er%>. It i\ inter* 
estin^^ to nolt* that the* maximniu llanie speed is uuf altaiin d with the 
mixture (‘outainiu^ tin* hytlro^eii and o\y 2 en in i*omhiidii »4 propnrtiuiis, 
namely, 2d*5 per etad. of hydro^uen, lad witlia mivture taadMiiimK about 
40 per cent, of hy<irojLj[i‘n. I'his is in prtadiar euiitra.st In the residts 
obtained with mixturi's id‘ methane ami u\yuem la- i'haletier suiii^e-sted 
tliat as the thermal ecaiduetivity ut liydroi,n*n is si\ times that ut air, it 
may well he tlud- witli mixtures I’tadaininu more Ham urn.-4bird of their 
volume of hydrogen, iht‘ enhaiierd t'omlnelivd) of the mixture more 
than eon]ij>eiusaies for its loww luxating \nlue. 



UO.—FkiiU! ill t'liiniiufitiMi' iiiixiuniii <i{ liv<lr<ii ari»nii'>. 

(Ikymnn, li»«.) 

Measuremeid.s have also been mmte of the sper*l i»f the umibriii 
movement in mixtures of air with each om* of Hir liydroearboiis i»f I hr* 
|)aranin. series up to and imduding i>en!iuie. Hie ileterndnations were 
carried out witli liorizontid glass inhvn, 2*5 vni, in tliiimeter,^ and the 
iX‘sults arc sliuwn diagranimniicatly in tig. 2il. With t-he exerptinn of 
methane,Jhc maximum speeds are a|>proximate!y the saimx liitttiely, 
about H2 cm. per second. The value for uh 4 hum* is rallier lower tliiiit 
this, l>eing CI7 cm. per seeoiuh Owing |.<i the few fhitii inuihilile for the 
thermal constauts of tht* puratlin hyclroearbons, it is ito! easv to rxpliiiii 
this difference. In eaeli instanee. Hie mixture having Hir iiiitxiiiiiilii 
s|)eed of tlame contains num* eomhustilile gas thait is ri'i|iiirrd for 
complete eomlmstion. 

The higher ami lower limit speeds ti*tid to ii|tpromdi tiir Miiiie value 
of 20 em. per second for all the* gasc‘s. It is inierrsltiig to note Hiai 
ill every ease, except tlnit of metham% tin* maxiiiiuin lliinie spretl oeriirs 
with a-mixture eoutaining more of the <*o!tihiisiible gas thiiii is rrf|uired 
for complete eombustiom 


»' Haward and Otagawa, Tmm, Clmm, B(W„ llllll, mg, m, nk*» Pfiyiiniii. ilml,., 
1910, IIS, 1454. ** Pttytitiii, iliifl,,, IIUII* 115 , 1117. 
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Hrsnits oiiOiiiHHi with cnrhon nu)iu>xi(l{‘and nir. and witli mixtures of 
these* two witii ether eendmst il)l(‘ «4;ases art* shtnvn ^raphitadh' in 27, 



vcHiJHi cif ruMHuruihu c.a^ hh luo voiumis uf aik 
K ie. 27. Fliuiie of riirlH»a ni«intwith\ liytlroi^ou, nnd inellmrus 

In the hilltnvin ‘4 tahle(p. 12<»)are|^ivt‘n the maximum uniform dimu' 
speetls <*r varitUK eoudiustihle mixtures, to^etlu*r with the flame spet*ds 
at appn)\inndely the tipper and lower limits in hori/.<mtal tidies of 
ttiameler 2*5 eiu. 

'fhe Law of Speedn. (‘arefid stmly td* tlie rate* of prtipajjfatiou of 
flame in the eomhustiou of eomph'X i^asetms mixtures has k*d to ilu* 
tnuueiatitm of the hdluwin^j law : ^ 

f/iVi'u hen or nmrv nu i tiurs a/ air or o iif^ra with (lijfrrrtii itulividual 
vt$mtaistihiv ^asr.s, in i nch o/whirh mirtiors iht sptrd of propa¬ 
gation of Jhtiue is thr saint\ all rtnnldnatiints of thv nii.vtares of the 
sainr tppr propaoato Jlatnr at thv sama speeds under the same 
etmditions of va peri meat, 

Fnau this it tollows that a mixture of a number of difftaxad: <*om- 
bustihie liases with air, tor example, may la* n*oarded as the algebraic* 
sum of mixtures of eaeh individual eombustible oas with air. tlu* pro¬ 
port imis of I he two** fieiuii siieh that Iht* ilame spcaal in it. if t ht* mixtun* 
wen* lairiuiiii alitia*. wtiuld be the sauu* as in tin* complex mixture. 

Vertical Propaiiatioii of FlameA lu this ease the* t'ffcsd <if 
eo}iv<"t1ioii eurreids heeoiiU's iuereasimily promnmeed. Tlu* tula* iu 
whieli the llaiiie Iracets iH-etimes a “ eddumey.” and. witli bottom 
iiudtiom the H|trt’d td* the dame is euhaueed liy that id’ tlu‘ tlrmi||hi. 
With top inidtion the dame tenth tti burn at ilu* mouth td’ tin* tube 
until all the eoiiibust ible mixture lias rist*n tti tin* lop. 

* Piiyiitriii iHiil Wlirr-lro Trnn:i, i hruu Sm\, HI 22 . t2l» :ia:i; Piiyiniiii, i7«V.. 11120, I 17 , 
4H ; IliHl, 115 , M-MI. 115-1; PayiHHii rtiid \Vhri*i**r, i7dd., ia2'l» 123 * 1251. 

" 11iiU. riiiitiiiiiiini iwriw i.f otyueo or nil mmtmnni^ of oaabiwtiWe giw. 

Unit riiirilrtlsi!d*le jiiid iilr. 

* iiiid IVlirrlrr, fmn-n, ('hrm, tSW,, Hl20, IX 7 * 1227, 
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Maximum M.uiu* 


lanut 


laiiiif 


Si'Wifs 

S|«-* 

nU. 

Spr. 

ih. 

(i‘aHt‘nUf4 Mixforo, 

ihlt" Uaa. 

Main** 

i ‘Miiihii'sl 
ihif O.C's. 

S|«'c«l, 

t *! 

ihlv ini.*. 

t'l.init 

Sprint 


l‘<*r rimt. 

P«*r ri'iil 

rSH -irr. 

1 Vr J-riil, 

rm. 


hy V^hiimx 

riu, 'ttM*. 

n Vi’hinif 

hy 

lL>-|-air 

;j(i Ml' 

500 

(M!i - 

fo 

7 P89 “ 

50 

CThi'f air 

9*52 

meo 

5*80 

28-8 

I .•i-n;. 

l!M 

(!aU„tair* 

0*58 

85*0 

8-80 

18* 1 

■ lO'OO 

I!h7 

Cslls 1 nil- * 

t*?! 

82*1 

2*87 

20‘8 

7*80 

20*8 

(’^Ilio lair^ . j 


82*0 


20*1 

0*58 

20'8 

('sllia i air* . i 

2*92 

8IP0 

MU 

20*2 

5' 10 

20‘2 

lyi^ l air* . ^ 

8* to 

118*7 ‘ 

8-55 

25*8 

1 MIO 

*iifi< »■ 


9*90 

280*0 

8* 1.5 

1 Mi 

lO'OO 

08-0 

CIl 4 +n 2 i air . i 

1 t*98 

i85*n - 

0418 

15-0 

20'80 

2 1*8' 

.•K'H^+Ha+air . 

, 11*85 

84-9 

009 

18 0 

15’50 

22*0 

CO -fair ® * e 

4.*84 

OtPI 

t0*29 

I9'5 

7M9 

19* t 

CII 4 fC ;0 fair* . 

15*95 

91*8 

9* 15 

21*9 

2t‘55 

19*8 

Cm-fH, fCO 1 air 

i IH*92 

j 150*0 

T*70 

21-2 

27 >57 

2 t *8 

COll[,fair“ . 

t5"92 

' 815*2 

9'25 

| 8'2 

7 I '8 1 

11*4 

!KX) Ilk fair - . 

|.0*90 

21 t *0 

I24HI 

19*2 

7 t ■ 12 

20 -H 

Coal ja;as 1 air “ . 

o*ii 

I5t‘l 

7 '2 

21*5 

2 pa 

22*0 

Ac<‘t(>nc ! air ’ 

5*45 

9fM 

2-70 

554i 

8'20 

80-7 


C IAHKi n IS Hx l*I>HII»Ns. 

Whett tw(> or rnorc* ^nsfs iutmirt with tw'i*r iiifroiiMini \i’hHnty 
until a high mnxiimini sjus^d is attaiinHhun isxplusloti^ is snnl fu rrsiilt. 
The velocity is many Ihotisaiul tiinrs greater than of I lie shnv, uiiifuriii 
propagation of tlnmt* (hailt with in the previous seetioii^ amt its neruriite 
(teternhnation is a problem of ctaisitterable i'Xperimeutitl <lif!ieti|ty. 

In 1880 an explosion of (‘oal gas <Ks»iirn*cl in Totlenhiint C'tiiirf Iloint 
in London, and during the* legal iinest.igatious suli,Het|Ueiit flterrlo, the 
attention of scientists was dirt*cte<i to tin* fac*t that praetienlly nolliiitg 
was known of the rate* at which an ex plosion-wave could traveL Tin* 
followingyear Mallard and l.c ilaittdicr^ gave flu* rt'siill.s of ait invrsligio 
tion on the subject carrits! out. by themselves, and this was followed in 

^ Ha ward and Oiagawa, Tmm, Pfum* «HVr,, I ill a, 109 , H!i, 

® Payman, ilaVi, mill, 115 , I4d4, 

** Fay man. ibitL^ p. i4S(l 

** Phapmaii, ibiiLf p. 1677. 

^ Mason and Wheater, ibid,, HHII, 115 , o7H, Htm nki> Ifiiwiird and HiiJiiry, Umi,, III!T, 
III, 841. Numoricml data arts not 

Satnratad with moistuw^ at 12 *‘ C‘.; pra^urt^ 7 riti mm, 

^ Wheeler and Whitaker, Tram. Ohrm. Noc., HH 7 , ixi» 2118, 

» Seeako definition iwlmnccsl hy larnghaiis, Zntmh. Hekmm, N|irr#iiol##fii'„ Iflls. 
13 . 310; J. GUm. Bor. AbMr,, llHO, ii.. 327. 

® Mallard and Chatelier, (Jomjd. rmd.^ 18SI, 93 , 148. 
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1882 by the memoirs of Berthelot and Vieille.^ In 1893 Dixon ^ reopened 
the question, and as his researches were carried out with such consummate 
skill and yielded results so concordant in their values, brief reference 
may here be made to his method of experiment. The explosion tubes 
consisted of leaden pipes ranging in length from 55 to 100 metres, and in 
diameter from 8 to 13 mm. As no appreciable difference could be 
detected in the velocity of the explosion-wave through the tubes when 
lying straight on the floor and when coiled on a drum about 2 feet in 
diameter, coiled tubes were used most frequently as their temperature 
admitted of easy control by immersion in a thermostat. It was found 
impossible to coil a small leaden pipe without stretching it somewhat— 
about 2 or 3 cm. The outside of the tube was therefore measured after 
each coil was wound on the drum, and the length of the axis of the pipe 
calculated. 

Each end of the leaden tube was connected with a short, wider tube 
carrying a bridge of silver foil W^, W 2 (flg. 28), and one of the tubes was 
fitted with a platinum spark gap S. The explosive mixture was 
admitted in a thoroughly dry condition—unless otherwise stated—the 



Fio. 28.—Dixon’a apparatus for determining the velocity of an 
explosion-wave (1893). 


pressure determined, and the spark passed. The explosion-wave 
ru})turcd the silver-foil l)ridge Wi, passed through the leaden coil and, 
upon emerging at the other end, ruptured W 2 . As these bridges were 
connected electrically with a chronometer, the time-interval between 
the ruptures was recorded, and from this the velocity of the explosion- 
wave was readily calculated. 

The foregoing researches liave sufliced to establish the following 
facts : 

1 . Both the composition and the diameter of the explosion tube arc 
immaterial, provided the latter is above a certain minimum—about 5 mm. 

2 . The velocity of the explosion-wave after the passage of the spark 
increases rapidly until a high maximum is reached, after which it remains 
constant. 

The results obtained by Berthelot and by Dixon for several typical 
gaseous mixtures are given in the following table. They exhibit a 
remarkably close agreement: 


^ Berthelot and Vieille, Oompf. rend,, 1882, 94 , 101 ; 95 , 151, 199 ; Berthelot, ibid,, 
94 , 149. 

2 Dixon, Phil. Trans., 1893, 184 , 97. See also the more recent paper by Dixon and 
Walls {Trans. Chem. Soc., 1923, 123 , 1025) on the propagation of the explosion-wave 
through hydrogen and carbon monoxide mixtures. 



12B 


oKYiim. 


VELOCITY OF EXPLOSION AT ROOM TEMPERATLRK. 



1 

Mclr*'s per M i’unit! 


CHUHi 

HHW 

IWrlhrliit. 


2Ha ! 

i ()., . 

i UHIO 

‘iH*i I 

le i 

N/) . 

! i- 

Tdm . 

('ll, 

i -H)., . 

j i 

T4T2 


I no.. 

i tinui j 

: 

tv,n 

2 ! •'*»(*>. ■ 

! 'iiH’i 1 

^mii i 


t'iO, 

i a In.’S i 

: :mtt ) 


B. xMtliough Bc^rthOcit f‘C)ii<*!udr<l that I hr vrioiaty nf tli«* rxplii^iiiii- 
wave h iiuieiHiHleut tT irdtial jir«*s,sure i»l’ tlir gasi'H. Ih\iin iVniiid that 
thin in appraximniely tnu^ <ai!y after a eiilaiii iiiiiitiiiiiai jirenHurt* 
about; 1 | ainiOKphca'es ■ has been e\t*eeilet 1 . lu iither rases llir esjilosiuu 
velocity riHe.s with the pn^ssurta This is liliiiiittiiiitly evitlrtjf fnaii the 
foll()wiu|j[ data ; 

INFLUENCE OF PRESSURE ON ITIE EXPLOSION 

VELOCITY. 

(IHxoii.) 

(hiseous mixtun^ . . ’iHi lOg. 

Velocity . , » inidres ja'r Hmaid. 


U'rci4«tirfs ana. 

VVloaity at In i\ 

Pri’^MUre. iiiia, ■ \V|«»rily 4I |n«i" i\ 

....- ■’ 


i 

2(M) 



BOO 

2705 

nw) ; 2«n7 i 

500 

2775 

5(M» ! '27im j 

7110 

2H21 

7(itl 1 275111 1 

noo 

2H50 

IIMM) ! 2H2H i 

1500 

i 

2H72 

1 !;•(» ! 2HI2 i 


Reduction of |>ressiire recliiees the tiittiisilv of rxfilosioii,* iiiid for 
each gaseous mixture tlierc* appears to he a ^Tit.ieiil pressure* ht*lt»w 
which explosioiiB^ will not takt* place. This pressure is a riiitelitm of tlir 
ehcmkail eoiujKJsitioii juui proportions of the gases, llir iiiotslure eotiteiil 
and the initial spark impulse. Tlie cairnpleteueiis of eotitlitislitiii likewise 
falls with the pressure. Thus, for example, in om* series of r^xjieriiiienlH 
with mixtures of methane and air, it was observed ^ tliiit itiidi^r ii firc^ssure 
of 40 mm. of mercury, il per cent, of the gas eottihiiied, %vlierrits iiiidm* 
61 mm. $0 per cent. eotuliincxL 

1 TMs raoalws fartlaw ecmflmniiba from ih» wnrk of barker, fnmA i^krm, I 111 a, 

103 , 934. 

® Stawilmgea aatl Sckwchawh Zdtmk aiipm Ckmtkt 33, 
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4*. 1'lu‘ also illustrates the retanliiig iiifliuaiec.' of ns(‘ 

of it‘Uiperatun‘ upon tlu‘ vt‘l<K*ity of (‘xplosiou, aiui similar efh^c^ts were 
o!)sc‘r\‘(‘<I wiifi otluT <xas(‘s. 

5. I'lu* iullue!i<*e ol \vati‘r-vapour upon tlu^ raft' of explosion of 
oxygtai a!ul (*arbou monoxide was studied with int(a*<.‘stin^^ n*sults. Tlie 
mjixinmm yc^loeity was attaint'd wiu'ii the mixture was saturat'd at 
*I5' Cl, /.e. it eontaint'd some' 5-(> per etait. of watca'-vaptair. Furiher 
addition of sttaim is sex'u to rt'tard the reaetiom 


INFLUENCE OF WATER-VAPOUR UPON THE VELOCITY 

OF EXPLOSION. 

(Dixon.) 


Mix tuns 

WaU^r-Vapour, 
Pt^r coiit. 

V^-Iociiy. 
M(a.n^a pt^r 
StHiond. 

Drietl with .... 


1204. 

Modi'rately tlry ..... 


i:{05 

Sattirnled with wnter-vaptair at I(F U. . 

1*2 

1<!7(> 

.. .. 20 ’ (’. . 

2-n 

I7(»:i 

.. .. 2K" G. . 

:h7 

171:5 

35" U. . 

5'6 

1738 

LT’ U. . 

0-5 i 

i>io:5 

55" i\ . ^ 

15 0 

I(i(!(5 

,, 05" (*, . 

2F9 

1320 

75" i\ . 

08-1 

1200 


(h Atithtion of lut inert ||ns to an t'xplosive mixture usually rt'sults 
in a retarihition of the eX[ilosion»wavt*. If out' of tht' eortibustihle |.(aMes 
is ill ext*ess, it is liiibh* to behave likt* an int'rt gas of similar volumt* aiul 
deiisit V. This Is t*vttient from a eonsidt'ration oftlie data in tlie followinn 

table : 


INFLUENCE OF INERT GASES UPON THE VELOCITY 
OF EXPLOSION AT ORDINARY TEMPERATURE. 

(Dixon.) 


ililltWilW 


i 

d 

(iitmiiitm 

£■1 

a 

Ctaseoiw 

b 4 


’!# f 
& 

Mixture. 

Mixturi'. 


li 

2II| I 

> 

2 H2I 

211, ! (>, 

2H21 

CjH.l'iO, 

2581 

0,11,120, 

> .S 

2581 

21 b f «b Mb 

- 

211, M', ) N, 

242ft 

5'|H, 1 20, I'O, 

2 :am 

0,11,120,1 N, 

2413 

21 b ^ ^ 

2 li|} o, 1 aie 

t 11147 

2t),i<», ):5N, 


(',11, 120, 1 20, 

2247 

0,11, 1 20, 1 2N, 

2211 

ITiiT 

211, S f.N, 

IH22 

l',H, 1 20, 1 -iO, 

2 i.lH 

0,11,1 20, 1 IN, 

2924 

21 b f 

i I2HI 

211, 1 O, j 7N, 

itMtie 

Cgll, 1 20, 1 tlO, 

HIHd 

0,11, 1 20, 1 (IN, 

1878 


i 


20,+ HO, 

inmi 

0,H,l20,1HN, 

1734 


9 


1^11 • I 
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Excess of hyciroi^t^iu on the otiirr liiunl, octiiiilly iiet‘i’lrnitt\s tin* 
(‘xpiosioii v<‘locify unless pri’scnt iii!««»n t|iiiiiitity. *rhi\ is 
from tlu‘ following dal a : 


RATE OF EXPLOSION OF ELIvCTROLYIlC: UAH 
WITH EXCESS OF IIYI>ROCH%N. 

(Dixtin.l 

(JaHtnniH mi.xtup' . . •Il.j I (f, ‘Jlti, MU ! ‘illj f Hj > 

ExplimifUi Vfhn'itx, «H*i| 

A similar accelcnititm has Ihtii uhst'rvnl tm ailtlitiun of vwvss of 
hydrogen to mixture's (»f nit reins iixule iuhI hyttrog«io 

7. Eimdly, it lias hetai cstahiished that in the rXfiltiNioii'Wave, the 
comlm.stion of c'h’ct roly tic gas is nut com|drtt\ In tlir- r\|i|ii\iufi. of 
carlmn monoxide and oxygen a residuum of imlairnet! gas is likeuise 
found. 

Explosion Pressures. 'The propagation of the expliisiiiii u'a\r in 
gaaes is aceompanied by a very high pri'ssnn* lasliiig fur a very short 
time. The early measurements iif Bunsen * were rffeeted by exfilodiiig 
gaseous mixture's in a small eylimier litteti with a iiiiivalile Ini atlnelted 
to a lever. TIu' latter was wtaghted until tlie foree of the explosion 
was unable to forc'e the lid off. 'fhe results for liyilrogen and carbon 
monoxide' were* as follow : 

Priwaos 

2lL^+Og .... il*a iilinospiteres. 

2rO pOji .... I ml 


Closely similar rc'sults were* eiblained by Ih rthehit amt Vit ilte, 

^McKle'rn methods^ eoiisisi in i'Xpltaling gastaiiis mixtiires in nif'laltic 
cylinders and imtomi.iti<*ally rt'eimling tlie pre^ssiires exert ri| against 
pistons working with spriiigs. Neiitic'r tin* teaiipenitun-Hnor ihv 
pressures obtaiiu'd in pnieiiee are erjiuil to liiost* to lie t‘xpta*ttsl from 
theoretical eonsideraiions, and s<'V«*rid t'xphiiiidioiis have bern offered, 
namely : 

(1) Dissoeiation of tin* gaseous prtalucls. 

(2) Incomplete comintstion. 

(B) Variation in specitle heats of gases under liir spreinl eoiiditiiiiis. 
which render the tln.'oretieiil eak'nliitions imi'ertiiin. 

4. Lass of heat by rndiiition,^ 

Probably each of tliesc" faetons is tfonlribiitory to tlie rritiin rffrcL 

Explosion Limits. Attention has idrt*udy tiei'ii dirit’led to tlie 
infiuence of inert gast's upon the rate* of travel of the* i'X.|iit,isicitiMviivr 
through a eombustihle mixture. In generid the velwi'ily lidb iiiilil ii 


^ Bimstat OmamiirmM M^tMm (Bmaawshwriic. ia77|. 

o^* mSk* pn»-pri«^t4ri^ intervul Hrr Meiifrtii, Tiftm. rAr##s, 

1919, p. BMi IkivitI, dmi, iiei, |, 'Ml; Wlmiru 
Imm.Ckefn. Urn., 1918, 113 , 840; BmmUm md Aymmyr, Enr iil . l!iia fAL 
#4t/« 

1010 /****• r«. 'ScAmm. Sprtngttoffw., IBIH, ll. 2 IJ>i J. rhm. .W. Atnlr.. 

* Sec, for Mwnpk, David, Proe. Sor,, U» 2 i>. [ aJ. 63 , 1»3. 
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certain dilution is reached at and beyond which no explosion takes place. 
This is explained by the fact that the heat generated by union of the 
combustible gases is largely absorbed in raising the temperature of the 
indifferent gas instead of being employed in propagating the explosion. 
As is to be anticipated, therefore, by raising the initial temperature of 
the gases prior to firing, the dilution with inert gas may be carried 
further than in the cold. In other words, the lower limit of explosion 
of the combustible gas is depressed.^ 

Teelu ^ gives the following explosion limits for mixtures of com¬ 
bustible gases and air, the rnetliod of exploding consisting in firing by 
an electric spark : 


EXPLOSION LIMITS IN AIR. 
(Teelu, 1007.) 


(Ins. 

Lower Limit. 

Upper Limit. 

Per cent, by Volume. 

Per cent, by Volume. 

Hydrogen 

9-73™9*96 

62-75-63-58 

Coal-gas. 

4*8G-4*82 

23*35™-23-63 

Methane 

3*2()-3()7 

7-46™-7*88 

Acetylene* 

1*53 1*77 

57-95-58-65 


........ 

_______ 


Closely coiuu‘(‘tc‘(l with this is thci {)roblem of the completeness of 
combustion of gasc^ous mixtures when diluted with inert gases. This 
lias b(‘(‘n inv(‘stigatc‘cl by Parkca**^ who liuds that the effect of increase 
of initial tc‘mp(‘raturc‘ is much less in tlu^ case of hydrogen mixtures 
than with methane or carbon monoxide mixtures. The lower limit of 
hydrogt'ii is mucti the sami‘ whether mixc'd with air or oxygen, but for 
carbon monoxide^, m(‘tharu‘, and eoal-gas, the. lower limits in oxygen are 
grc'ater than in air, probalily on account of the gre^ater specific heat 
of oxygen. 

Valency. Oxygen is usually regarded as a divakait element, but 
many compounds have lieen ])reparc‘(l for which it is diHieult to write 
suita.bl(i structural formuhe without assuming oxygen to have a valency 
of four. Thus, in 1888, llcycn ^ suggc‘sted that in such oxides as BaOg 
and MnO .2 onc^ of thci oxygen atoms is tetravalent, the general formula 
for tlui oxi(l(‘s l)(‘ing M () - This cniabU's a distinction to be made 
bc‘tw(‘en tlu\s(* substanet\s ami comjioimds of the nature of carbon 
dioxide*. 

I'riedc*! ® had alr(‘a(ly shown in 1875 that methyl ether combim^s 
with hydrogen ehloridt* to give an oxoniurn salt ((• 113 ) 20 . HCl, and it 

^ K(m 7 .ki»WHki, Zvitneh. phynikal. (•hem., 1891, 7> 485. 

Teolu, J. pmkL C^hem., 1907, 75 , 212. 

® Parkar, Tram. Chem. /SV>r., 1913, 103 , 934. 

^ Hayes, Phil. Mag., 1888, 25 , 221. 

® Friedoi, BiUL Soc. cUm„ 1875, [2J, 24 , 160, 241. 
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is difficult to avoid the assumption that oxygen is here tetravalent. Its 
formula may be written as 


(i) 


CH3^o/^ 
cr / '^Cl 


or (ii) 


CHj 

CH, 


\o= 


=C1H. 


The second formula harmonises with the fact that whilst hydrogen 
chloride is a very stable substance, the oxonium salt readily dissociates, 
and it is not improbable that the complex (ii) is formed first, which then 
undergoes more or less complete rearrangement to (i), the two forms 
remaining in equilibrium.^ 

As showm in Chapter X., water is beheved to be associated to a con¬ 
siderable extent to dihydrol (H 20)2 and, kt low temperatures even to 
trihydrol molecules, ( 1120 ) 3 . Assuming the strictly monovalent nature 
of hydrogen, a higher valency than two is required for oxygen. Thus 
dihydrol may be written H 2 = 0 = 0 —Hg, and to trihydrol a cyclic 
formula may be given. 

Triphenyl methyl, (C 6 H 5 ) 3 G, unites with ethyl ether to form ^ 

(CeH5)3C^^^C2H5 

(CeHB)3c/ \C3H5 


in which the oxygen is clearly tetravalent. The same may be said of 
compounds containing water or alcohol of crystallisation. 

Beckmann,^ in 1890, directed attention to the interesting fact that 
substances exhibiting association in benzene solution frequently possess 
hydroxyl groups ; and this has been confirmed by later investigators.'^ 
Careful study of the surface tensions of liquid phenols and various 
organic hydroxy derivatives has led to highly interesting results.^ Not 
only are phenolic derivatives associated like fatty alcohols, but the 
association may undergo steric hindrance by the introduction of groups, 
such as NO 2 , in the ortho position. This is explained on the assumption 
that association is conditioned by the hydroxyl oxygen which functions 
as a tetravalent atom. Thus 


R 


>0=0< 


R 

H 


If, now, a polyvalent element or group is introduced into the ortho 
position, the *tendency is for the extra valencies of the oxygen to be 
saturated intramolecularly, so that association with external molecules 


of Valency (Longmans, 1909), p. 96. Analogous derivatives of 

34,2726 ; 1902, 35,2397 ; ^1903, 36, 376, 3928; 

^ l^okmann, ZutacK phydhal. Gh&m., 1890, 6, 437 

® Hemtt and Wnmnll, Tram. Ohmu Soc., 1907, 91, 441. 
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bceouies li'ss easy. Thus, iu the east‘()i‘ i>rtliiO“ehloruplieuol the vahaieies 
are assiuuetl. to lie (iislribiiltsl as rolh)vvs : 

.C) -ll 


Auuuouiuiu iiydnixide iVet^ueutly beliaves as it* its atoms were 
amiugc‘d as follows : 

IL,N O il,d 

Prol)ably wlieu ammonia dissolvt*s in vvaUa*, e(|uiiihnum is set up 
Indweeu tlie several molecules as indieatad bc'low ; 

,()H 

1I,N i OH.. OH..-- 

\|j 

In some* eases of fri'e oxitlalitju it woulii afiprar tlmt tlu* whole 
moleeuh' of oxygt'U lakes part. I’lms, when tlu* alkali metals oxidise 
in air, peroxides are formed, from witieh t in* t-xlra atom of oxyi^en may 
b(‘ liberated with c*omparativc* east*. 'I'liis, it has been sii» 4 ;[^t*sieck*is 
most eonveniently ex{)lained on the assmuplitju that Ua* isHubinutiou 
proeei‘ds as billows : 

O i)\2Xn.---0 O Xa., 

ami in support of tins may be eited the obsersations of many other 
investigators^ who fmd that whole moletmles of oxygen are ulisorbctl 
iu various rt‘aeti<ins. It is dilUeult to ae<Hmnt for this savt* on tin* 
assumption that t*xygt*n can fmu‘tion as a ti*travah*nt atoiuA Tlie 
third and fouHli vah'ueies oi' caxygen iiave bt*en variously mtmed as 
crypto vakiieies,** utLviliary valtaieies/^ neutral atjinitivs^^ electrical double 
valcHcieh',^^ and ri\siduai tir latent valencies.^* 

Oxygen is not kimwn witli et*rtainty tt> fmn*lion as a nmuovalent 
element^** 

Physiological Properties. A supply of frw oxygen is m*ec‘ssary, 
not only for the <‘ontinunnee of human life, but for that of all organisms 


* GiOia MimrbrMtr l*hiL iS'ar., UHH, 48, l-ll. 

» Knglt^r iwid Wild, /trn, iHIll, 3a. HUHt 

Krtliiiii.fia itad Ktd.hrier, Anmthia iHil?, 294 , im; Miadj. (-timid, rvmt.^ IBII7, 134 , 
2 , ll«7l; Kagler iiiid /tm. iHilH, 31 , 3cmi; Kitutlr.r, thoi,, IIMMI, 33 , UU; 

Miilicdiat, iliffi., IIMHI, 39 , 1170 ; Anauit ih llMri, 3 ^ 5 , 03 ; Miue-liet iiud ikf,^ lllOtl, 

33 * tW 2 . 

* Ollwjr tifitii dfidiug with the ietriivideat lyUurn of iu*o given by iitum lunl 

liiahardH, Tmim, (*krm, Nor., llllll, 115, IHIH j Remhdh d. Amrr, ('hrm, Sim,^ 11117 , 39, 

23113; Itnil, 38 , 1 : 11111 ; lOM. 36 , 1722; Mvhmwh inid eo.%vorkrr^, iiad,, 11112 . 34 , 1273; 
hdl» 33 »W; 11110.33,342. IIIOH. 30 . 1007; lIMm, 23. 3HB; llltla, 37 , 20. Uli:i; 

Tmfm, Vhi^m. Nik:., IIMIS, 87 , 7H4; 1004. 85 , 010, litOS; Siiiinlhiy. lin'd.. 1000, 95 , 231; 
Critkiwm by liorigrove', (dkrm, UKlO, 99, lOO ; llioiubawiti, ibid,, IBIK 

^ lliiifHV iiial Bkdt«a*i^r, lirr., lOtU. 34 , 3020. 

* Wiirtier* Nmm Anmhnmimjm mf tkm tkbitk drr (Jk*mm (llmuii- 

iobweig, 1000). 

Hpk^giit. ZtdMeL ftimrg, Vht,m„ 1002 , 29, lUUk 

* AiTliiiiiitw, Thfurkm drr Chi'mm (Hnp’^ig, lOOO). 

^ Fritiiid, Tmns. (dkmn. Hue,, liMlS, 93. 2tHI; Tht^ Thmry 0/ (GiiigiiiiiiM. 1000). 

*® Tb« tsvkleiMsti cif Fiirti^r and Tlturbtir («/. Aitmr, (JimuL 8 m, p III21> 43, 1104 ) ii ii«t 
eattclwivn. 
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with the exception of certain lower forms which, on account ol: their 
common characteristic, are termed ancerobic?- With the higiier auiiuals 
the oxygen is absorbed by diffusion^ through the lungs, and iorius witli 
the hsemoglobin of the blood an additive compound^ whi(*li readily 
yields its oxygen for oxidising purposes in the various ])arls ol ilu^ 
body, the resulting carbon dioxide being carried back to the; lungs 
whence it passes into the atmosphere. The nature ol the respiratory 
process as one of slow combustion was recognised by Lavoisier,'^ and it is 
the heat evolution caused by this oxidation of organic carbonaceous 
matter that maintains the temperature of the living body. An incrc'asc' 
in the proportion of the oxygen causes a more rapid absorption ol ox\'geu 
into the blood and will therefore increase the amount of oxidation 
occurring in the body.. Although this may serve a useful pui-posc in 
assisting the maintenance or stimulation of the vitality of persons sidha*- 
ing from exhaustion or great physical strain,^ an increascxl pn^ssurc' 
of the atmosphere or of oxygen, for prolonged periods, may cause lianu 
from the excessive oxidation and stimulation induced, as wcdl as from tlu‘ 
liability of the blood to yield bubbles of previously dissolvc^d oxygcai 
when the pressure is reduced.® Various types of animals arc^ alTect('d 
to different extents by an increased proportion of oxygmi in. tlu; 
atmosphere.’ 

It is an interesting fact that the solubility of oxygen in blood docs 
not follow Henry’s Law, according to which the solubility of a gas is 
proportional to the pressure. Experiment shows that large amounts 
of oxygen are absorbed at low pressures by blood as com])arcd with high 
pressures. The explanation usually offered is that the oxygen combiiu's 
with the hsemogiobin of the blood to form the characteristic^ally l)righl. 
red oxyh^emoglobin of arterial blood which readily dissociates wluai 
the partial pressure of oxygeii is reduced.® This, however, cannot be tlie 
whole explanation for several reasons. Thus, for exam[)le, complclc 
absorption of oxygen is not effected even under a pressure of li) atmo¬ 
spheres. Wolfgang Ostwald,^ in 1907, directed attention to tiie fact, 
that the amounts of oxygen and carbon dioxide absorbed by tlui blood 
at various pressures are expressed by the adsorption fonuula., namtty— 


where k and n are constants, and co is the amount of gas a,dsorbcd by 
m grams of blood under a pressure p. It appears prol)able, thcTcforc, 
that adsorption of the gases takes place, probably on the surfaces of tlui 
disperse phase in the blood. 

1 Pasteur, Co7npt. rend., 1863, 56 , 416 ; 1861, 52 , 344. 

2 Douglas and Haldane, Proc. Roy. 80c., 1911, [B], 84 , 1 : 1010, I Bl 82 331 • 

J. Physiol., 1912, 44 , 305. j t l , 

2 Barcroft and Hill, ibid., 1910, 39 , 411. 

^ Lavoisier, Ifem. Acad. ScL, 1780, p. 355; 1789, p. 185. 

BMl and Flack, Proc. Physiol. 80c., 1909, p. 33 ; Hill and Mackenzie, ibid., p. 38. 
mnuence of variation of the relative proportions of oxygen and other gases in 
the atmosphere is discussed in Chap. VI. 

’ See, for example, HiU and Macleod, Proc. Roy. 80c., 1902, 70 , 454 455 
s See Henri, Compt. rend., 1904, 138 , 572. 

9 ^/ and Hill, Proc. Roy. 

^oc., 19-3, [B], 94 , 297; Bfetodge and Eoughton, ibid., p. 336; Adam, ibid., p. 496; 
Bayhss, Na^ure, 1923, iii, 666 . , i . u , 
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It is interesting to note that the amount of oxygen thus taken up 
by the blood is very much greater than that absorbed by pure water. 
This is evident from the following data : 

c.c. Oxygen measured 

Solvent. 

by 100 c.c. of Solvent 
from the Atmosphere. 

Water ...... 0-7 

Dog’s blood ..... 24 

Human blood .... 18-19 

The mean heat of reaction of oxygen with haemoglobin at 22° C. is 
given ^ as G950 calories, whilst that of carbon monoxide and haemoglobin 
is 14,700 calories. The difference is noteworthy in view of the well- 
known poisoning action of the latter gas. In view of the wide dis¬ 
crepancies between the individual results, however, further investigation 
of the subject would appear desirable. 

Applications.—It is clear that a supply of free oxygen will be of 
value to men working under such conditions as preclude a sufficient 
natural supply of this gas ; examples of such conditions are met during 
rescue work in mines when the air has been vitiated by hre or by an 
explosion. Oxygen is also administered to persons suffering from great 
exhaustion due to illness, suffocation, or excessive exertion. 

The autogenous welding and cutting of iron and steel also calls for 
a supply of free oxygen, a fairly high degree of purity being desirable. 
Blowpipes are constructed for the production of an acetylene or hydrogen 
flame fed with oxygen gas, the relative supplies of oxygen and com¬ 
bustible gas being so regulated that the flame is mainly of a reducing 
character ; two iron surfaces, which need not be previously cleaned, 
when placed edge to edge and heated at the joint, can be made to yield 
a weld due to the blending of the clean molten metal. In another type 
of blowpipe the oxy-hydrogen or oxy-acetylene flame is used for heating 
the metal whilst a second jet, inside or outside this flame, directs a 
stream of oxygen on to the heated spot at which oxidation therefore 
occurs rapidly ; by gradually moving the blowpipe it is thus possible to 
cut thick sheets expeditiously and cleanly to any desired shape. 

The oxy-hydrogen or oxy-coal-gas flame is also commonly employed 
for the production of a high temperature and brilliant light; thus the 
dazzling luminosity of a piece of lime, magnesia, or zirconia heated 
by the oxy-coal-gas flame renders possible the convenient Imielight 
and similar methods for illuminating purposes. Blow^Dipe and other 
flames can also be fed with oxygen or with air enriched with oxygen for 
the fusion of such metals as those of the platinum group, and for various 
purposes in the glass and ceramic industries.^ 

Oxygen has been used for enriching the blast supplied to blast 
furnaces in pig-iron production, with consequent economy in the 
consumption of coke. This process yields particularly favourable 
results in the manufacture of ferro-silicon.^ 

In the fixation of nitrogen by the electric-arc process ^ it is found that 

^ Adolph and Henderson, J. Biol. Ghem., 1922, 50 , 463. 

- See .Fletcher, J. JSoc. Chem. Ind., 1888, 7 , 182. 

See this series, Vol. IX., Part III.; also Johnson, Met. Chem. Eng., 1915, 13 , 483; 
Richards, ibid., 1910, 8 , 123 ; and account in Engineering, 1913, 96 , 374. 

^ See this series, Vol. VI. 
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Ozone occurs in small quantities in the atmosphere as is evidenced 
b}-- ei‘rt<‘un absorption bands in solar and stellar spectra.^ It is also 
|)rcsc‘ut in cca-tain natural waters in sullicient quantity to be recognisable 
by the smell." 

Preparation by Physical Processes. —The preparation of ozone 
from oxygen is a. markedly endothermic process, being accompanied by 
the absorption of calories per gram moiecule of the gas. Thus 

»3(02)=2(0jj)— 2 X 34,500 calories. 

lienee^ its formation from oxygen l)y cx})osing this gas to high tempera¬ 
ture's is to l)(' c'xpc'cted. According to a calculation by Nernst^ the 
pe'reeait.age's of ozones in c'quilibrium with oxygen at certain high tempera¬ 
ture's art^ as folie)W : 


4\>iup(‘i*ature, C. 

Ozone, per cent. 

21 S3 

0*1 

3230 

1 

(KMO 

10 


'this eepiilibrium is re])re‘sentexl l)y the cepiation 

20 ,. 

Inere'ase' o(' [)re'ssure^ will favour the fenvmat.ion of ozone inasmuch as 
t he' transl’ormation is aeeompanie'd by a decrease in volume. 

At. high t.e'inpe'ratures, however, tlie dceom])osition of ozone into 
oxygen is praetieally instantane'ous. Inelee'd, oxyge'n eontaining only 
I pe'i* ee'id. e)l‘ oze)ne' weiulel at 1000" C. liave its ozone contemt reduced to 
O-OOI })e*r ee'iit. in 0*0007 se'conds ;and even at 250° to 300° C. 
decomposition is vc'ry rapid. 

lle'uee', no oze)ne‘ e*aii be' e‘Xj)e'eteel in the eoe)le'el gas unk'ss the cooling 
is e'lTe'ete'd so ex})editie)usly tliat the gas almost immediate'ly attains a 
low tt'mjH'rainre' at whie*h de^(*ompe)sition occurs relative'ly slowly. 
I'hus Troost, anel I lauteteaiille we're able to eletcct ozone in the oxygen 
issuing from a strenigly jie‘ate;d tube through whievh there passed a 
eoneH'utrie* silve'r tube' ce)ole'el internally by a, current ot watnr ; with 
t his dt‘vie‘(‘ of a. hot and colei tube ” some of tlie ozone produced from 
th(' oxygt'U near the' lu'ated surface passes to the ce)kl surface anel so, 
be'eoming rapidly ee)e>le'el, e'seape'S the reverse ehx'omposition into oxygen 
at int(‘rme<liate‘ te'm})('ra.ture‘s. Por a- similar reason ozone can be 
det(‘(‘te‘el in air or e)xyge‘U whiedi has beeai ra,])idly removed from contact 
with a Ne'i'ust hlanu'nt, and in liepiid air under the surface of which a 
platinum wire* has been raised to a, white heat by means of an electric 
eurre'ut. 

Hy tJu' e‘ie(‘trieal he'ating of a. Nernst lilament to 2000° C., whilst 

‘ VowU^.v find Strutt-, J*roc. Roij. Roc., 1917, [A], 93 , 577 ; Hartley, Tram. Chvm. 80c., 
IHSl, 39 , no. 111; iM(Wt^r, Ammhn Thymic, 191)3, 12 , 849. See this Vel, Chaix VI. 

* ishiHini and Atli It. Accad. Liyicei, 1912, [5], 2 i, ii., 740, 803. 

^ S(H': Nerust, ZviLsch. Eleklrochctti., 1903, 9^ ^91. 

^ t ’tuiurnt, A iinalm, 1904, 14 , 334. 

^ Troost aud llautefcuille, OompL retid., 1877, 84 , 940 
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iiniucrsal In licfuic! oxy^^viu aii roiOt'iil uf ;i-0' |nt Vi-ni. hy \vri‘,0il 

has hecii obtaiiu'ti. Cl(jsi‘ly fuiturflni uitlt this n-siill i*. I hr niTurn-urr 
of ozone in licfnid air at the surface- <4’ «»r niairr wlnrfi eranhiKtihir 
sulKsianecs such as h}(iroya‘ii, i'arhiuhe aefj\!<nr, rhareiKil, and 

wood !iav(‘ In'cn burnedd 

Tht‘ ttauic'iiev ha* o/.oin* to hr toriu^ d at j'f-^alrd ftiu|n'r,diiri’s is 
furtiuT illusirateti by tiie preM'liee ul' the .U'as in t br It\\ h\di*Miaii llamr.« 
It should hi* nieutiuiUHi. !it>Wi'Vii\ tliat the ui»srr\atiuus til’ iiiaiiy ih’ the 
earlier invt‘st.iea{urs on tiu* uei*urrenee ot'o/.uue in the iiriithbotiiiiotid 
of tlanies an* unfurtunaiely reiaiei'i-d uneerlain b) the- |»rMbaIi!e siiiiiil» 
taneous prest‘net* of <iKides iif nilre»| 4 en which rrspoia! ta I la- same test. 
nanu‘ly, tht* Iibi‘ratHai of ioditu* from putassHun iiHlafe. as was einpitw'ed 
for (lett*etin^ ozoiu* (si*e pp. ITT IThj. 

it is worthy of note tiiat* whereas sh»w eoolin*^ of the heated |,pis will 
eaus(‘ file (iisH|)pt*aranee of any <»zuni* whieti may ha\e l♦l■en proilneish 
any oxides (d* niiro|.^i*n will persist in the eoolet! i^as. 

Oxyi^tMi is also <*onverted into oztrm' by I lie atiioii of nlt ne-vii4ei 
light/ of <'at liodi* raysy‘ and of radium radiat ion.** 

The ehange, liowever, is only partial : imlerd, it has brm drimae' 
strated experiiuenialiy tiiaf ttie aetmn of ultra \ a»le| liahl h-ads to an 
equiiiliriium ozoia* being partially deeumposnl if pr» smt m ri latiu ly 
large (pianliiyd Solar radiati<»n at an nititmie of lUiio met res ilors 
not ap|)eur able to eouvi’rt oxygen into o/a»ned 

A}>preeiabit* t|uunt.ilies of oziUie are protlueeei wliru hi|tiat mr or 
oxygen is (*xposed ti> tJie rn\s i-mitted liy a spark di"*ehai'i,jr betwi-en 
zinc t'h‘etrO'drsd '!1ie mt»st eonwaueut metitod oi pi'od.iieiiio o/um^ 
consists in allowing u silent ^*N,nyghH\ eleetrie iiisehar|»r'to pass llirougti 
air or preferably oxygen, a procedure first miopted by Siemens m isTT, 
Sini|)ly subje<‘ting oxygen tti eletdrie sparks wdl md firodiicr any 
quantity of ozoiax ns the gas is t!eet»mposed b) the \park% praetirall\ as 
soon as it is formed. Kveii at ItH-' ih the spark diseharip" 
yields about I per eeiit* of ozone, aial this ts iMSibably at I ribiilaltfe to the 
silent diseliarge simuliimeously oernuTingd'' *riie apparaliis einploirtl 

^ F. Fischer aiicI rte-wta'kerH, /trr.* tlHHh irin, ‘Jaa'd SaSl ; Fwiy 411. I-Uh tlh 
^ Mimrhat, ibid.f ilMlih 4^1, tllMH ; UlUh 4J, TSn. 

for CKttItl|il«s 'FhltlU pmkL fH#IX |«|. I, 41 ^^ r.||lahi||, i'brsn, ..Vfin. 

18 IK), 61, lit); Miu|ucj»a% HhU, Sm\ ndnm., Ilwia, ;i:|, aUi 

^ Fischer ami Ihw’hmsr, /Im, llHia. 38 , mth'f j litnic 44 , ; J.diio.ai «ii»i 

«/. dwiT, (JhrM, iSue.f lIHHh 31, U4ll; vj^a Wiiir*-k paoei, aH:!; lain, 

150 , 1 ) 0 ; Warburg, Ahtd. HO.v.i. UtM. y, s#;*. r\.aitnesi 

Bordier and Nugirr, r*mL^ Bins, 147 , X^aarr, *iipI 

VompL rrmLf UJUa, 149, Ida, ' idddsat-pu iC'i-,, lina, jpi, 

NtiHiid and Alii U. Amid. Lium, Wm, r;, u., Itl; p. 41*4 
rmd.^ IHIIIh 129 , H23 1 ftirharz ami ,Stdi«mk, Sihun^jAttr, K Al-i-i 1 ‘jep 

4IK); hind, AIuMitnk.^ llU‘i, 33 , 33; Amn'. rh*-m. J., |!f|;y 47 . 4‘i« ; i,r iit$*iium, 
1912, 9 , 104. 

/ Kegenep Atm. Pky^iL 1900, ao, |039; vh| 4 ll.ihr, dmi., iohd :i:a siis ; Wi’ittrit, 
Ziibck pkpdkuL Chrm.^ 1912, 8a, TH ; Warlmrw, Sil%unjA$it, K. Al^iA, 'll iaiZ, 

210; 1919,044. 

“ Baymia, CatnpL nmi., 1919, 169, 93T. 

^ Wiirhnrg, Ikr. druL phymkaL f/#■.«,, 1913 , 17 , IIM. 

Hew »ShcnHt 4 nrm and Kvatis, Tmm. ViMm. *SV*i*,, ls9s, 

The distribnttun td pztine in the dtma enmait t.-Mi-Mna Iia« on»ip',| |,% Uidr.g 
and Kunz, J. Phtjdml Chrm.^ 1920, 24 , :i#9; Awleregil, J. Am^^. x/, , papp 

39,2581. 

» Briner and Ikmuul, ChmipL nmi., llHiT, 145 . 1272. .St'c leddnOaii, lirr., tmUl, 
36 , 3042. 
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for the |)n‘])arat;ion of ozone on a small scale nsnally consists of two 
(‘on(*(‘ntri(‘ tulu's, coalt^d with metal foil or some other conducting 
nuitxTiah and co!UU‘(‘ted with 


the tcaaninals of an induction 
(*oil ov eUH‘tri<^ ma(*him‘. A 
slow current of oxygt'ii is 
causi'd to travi‘rst‘ the spa<‘c‘ 
hetweiii tiu* two tul)t‘S and 
t Inis lH‘<‘onu‘s sulHuitti'd to t he 
action of tlu‘ dis(‘harge. It- is 
advisable to dry I !u‘gas iH'fort' 
us(*d beeaus(‘ it, is {)rohal>h‘ 
that lla* prt‘sc‘n(‘t‘ of wat(‘r“ 
vapour favours tlu* formation 
of hycirogen pt‘roxid(‘ at the 
t‘X|)i‘nse of the ozt>ni\ and alst), 
if nitrogen is present, c‘aus(‘s 
tlu‘ production of c^xides <d‘ 
nitrtigt‘n.’‘^ Many nioditi(*a~ 
lions cif this apparatus have 
be(*n introdiKH'd; the dia- 



Fro. 2D.—Preparation of ozoms (Brodio, 1872). 


gram repn*s(‘uts a small (‘Xpca-imental apparatus iit whi(*h wat(‘r or 
<lihit<‘ sulphuric* a<*id provides tlu* (‘onducting surra<*t‘s. 

By hrwering tlu* temperature* it, is possible gn‘atly to increase the 
yield of ozeme wluc'h, muha* ordinary (‘onditions, is lt‘ss than 10 ])t‘r 
<‘ent. of tin* oxygi*n. By immersing an ozonising apparatus in a cooling 
mixture* ofedlu'r and s(4iti carbon dioxide* and so working at 7cS'" (!., n 
yielti of 11 per ce-nl. has b<H*n obtain(*<h‘^ wh(*r(*as in liejuid air it was 
feamd pcKssibh* to convert. pt*r cent , of I lie: oxyge‘n into ozone*, t he*. lH*st 
results iH*ing old aim'd at this tt*m[)erat tin* with a [)r(‘ssur(* of 100 mm., 
t he* ozone liepiefying out as it is formed. 

For demonstration purpose's a use'ful ozonise*!* of e*xtri*me simplicity 
can be made* by drawing out a [fu'ce* of combustion tubing, some IS 
inche*s in lc*ngth, tei the sliape* shown in lig. BO, and litting a rnhher erork 



Fin. JHK- A Kimpite 


carrying n glass tube* A into the* wide*r e*nd, simull4UU‘ou,sly e‘ntra.pf)ing 
n pieca* of platinum or aluminium wire* H of sullicie*ni length to reach 
almt»st down to the* re-sirie‘te*d c*ml of the* tube*. A sesame! pi(‘(‘e* of wire 


* Wierl»tir^»: iinel Auri, llMMi, [4|, 20, 751. 

^ 'fbe re.Hij(if.rt uf (*kuin, 1807, 471), whieti l<ul to ihcj i(l(*a 

tlsiU ia»*i:4iiro hiiidrm ll»o fonnutiiin of oy.itiie*, nppt'Jir to have* Ihm'ii clue^ U» Mai prdHcmee* 
»»f aitro|,^i-ii, \vliic4i givi*H rhv in i»itr»»ge*n iHTosielev; tlun in kmewa to aedolciraio the* 

«|Mmtfineoaf4 tlrrurilpe^Mltteai eif O'/OIIC. 

^ iiriiiiT nial biinupt, L'ompt, rrntL^ HK)7, I45» Be-o alno CtoldHtein, Ber.^ 1003, 

36, 3042. 
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C is coiled round tiu' outsidt*-ot‘ thi* tuln*. aiul htit h it and i arr taiiiiiaidad 
to the tcTUiiiials of a. Hulunkorff tnal. CKy*^n'U is ariiiiitttii t lirouirh A, 
and a. stream cd' ozonisi'd oxy^^vii tsrapes at the o|»rii oiul. I 1 u* 
apparatus may adx'aidai^i’ously ho ti\oti tm to a wuiuhii stauit, and, 
aithou^di its t‘nicitiU‘y is not it possi-ssos t ho athantaan* of 

transpanid. 

Various other forms of tr/onisors hasa* iunai tit/sord>od, Imt for ai'otnints 
of tlu‘So tiu^ reader is roforred to the suhjoiiiod roh ronts Nd 

Ohtaitual in I his way, tr/one may Ih* puriliod h\ fraotamal dist ilia! ion 
at low tiiuperatures, t!ie laaiia^ point of i>/ouo hoini^ stuno ii:i adana* 
that', of oxyi^aai. Tiu‘ t»/,o*aistHl oxy*^oa is hquotii’d in tsioliao m li{|idd 
air. The <le(‘p blue* liquid tlms otdaiaod cnt»hrs maialy iiialor 

reduced |)ivssur<‘ and at a. <‘ertaia tauaposilioa se|iaratos two 

layers. Tiie upper <inrk blue layer consists of a solulioa of ozuat* 
in lk|uid oxyge^a; the lower dot'p violet ■ black ia\cr is a. solid ion of 
oxygen in ozone niul coidnins, at -IHd V., some ;io pot* cent, tif 
oxygen.^ All Imt mtuH* traei's of oKyg«it arc romtnrd iti a single 
fraedionation of this licpiide^ aiul tiy earid'id iimaiptilaf ion pure ozone, 
B.P. (\, may Ih‘ ol>tnint‘d. 

Preparation by (Iheinical ProcesHCH, it/.one is formed to sonic 
exUait during the slow I’ombuslion of certain sniistauees sueb as p!ios» 
phorus. In the cast* of pimsphorns the ttecurrenee td the o/one appt^ars 
to be eonuecd'ed with tlic phosplitwesct net* hccaust* substancr\ whielu by 
tlu‘ir |)rcsen<H*, iidiibil ilu* phtisphtu'esct ncc, also prevent the formatitm 
of ozoma^ 

Tlu^ formation of tlu* trzom* is pmbaidy dm* to tfie oxitlafion pro* 
e(*(‘ding by tlu^ addition of wlmlc nmlecnles ttf oxygi n to the ii\i«lisa!de 
.subst.au(*(‘ with llu* primary prtalnelion <if piaatvidie snbstances uhieh 
subs(‘({U(.‘nlly (‘liminale an atom tif oxygen bn* each molec'idr ongirndly 
absorbed; the at^ans of (txygt*n tlicn ctitnlnm* witfi one imofhrr am! 
also possibly with ntolccuh's <»f oxygen, yitdtimg ozone. Ozone is also 
frecpicidiy prestmt in ilanies/* 

Th(‘ oxygen obtained by many clH-mical processe-s i% f'ret|nentl)' 
(‘ontaminateci \vii!i ozone. 

Fluorine tlecomposc's \vaf.t*r in the cold witli sneli vigour that u portion 
of tlie lilH'ratixi oxygen is ozoniHt‘d. By piissing a current of llnorine 
into watm* maintaiiusi at (F (A, Moissau was idde fti <*blain n siqiply of 
oxygen containing 14‘4 per eeiit. of ozom*,^ Small yields art* obiuiiied 
by tin* a(‘tion of <*on(*t‘ntnited sidplturie itei«l upon powerfiit oxiili.sf*rs 
su(*h as liarium pc*roxi<le, potassium bit»lirtmuitt% or |*eriiiiiiiga!iittfs 

» Rainiuiik ainl Bwuiny, Vom, Urin, lai. IIK1 j O'etiarr,/r-iOr/i. Mkttnwhrm., 

1911, 17 ,414 ; Fmtnehrifl If. Nmisl, lini% 2RI; liteo., Fkkirm^ktm,, lltitfs 

12, 409; Harrif^s, Htr„ 19011, 39. 3007 ; .Ifinimaeh itiiil J, O^srwi.* pai«t 

73 , 497; Kiitim*!}, MHim'hrm, Krii., HMlfs la, 09, lU ; /Irr. ih ul. O’r.#,. 

190(1, 4 , 10 ; Warburg. Phmk\ 17, 1 ; HMm, an, 7:il, 7Ai ; i;rav. 

Renew, 1904, 19 , 3(12; Wrigbt, Afmr, ./. Sei,, IH72. 4 , 20 ; (.%*■»,, Ar«'., |s7i, ; 

Bnxlifs Phil. Tmn^., IH72, 162. 435; Htur/eiiu. r«w/4. rriel.. |s7n, 70. I2sil ; |h';2. 74, 
250; veil Bilbo,/hr/ia5’a.*V«/i/4,, 1803,2.205; vim ibiboamHIases |» 2 !^/ ; Jj.fi.ibii, 
1800, 140 , 348 ; vou Siameiw, ., 1 #i«/i 57 i, 1857, loa, 120. 

® KiewaifoW arai Si'hwidi, KeiUeh. I’hjmk, 1922, u, 12; Hrt , UriZ. *U!. riiSH. 

Karrer iiwl U’ttlf, J, Amrr, .SV#r,, 1922. 44 , 2391. 

^ Bet^ ,RuHw4b 7'*runH, Phrm, 1903, 83 , 1203. 

Uww, Zeilmh. Vhem., 1870, 6 . 05. 209 /Irr.* illOll, 4 a. ; Fi«4irf attfl 

Braohmar, ihuL, 1900. 39 , 940. 

® MoisBiin, Amu Vhifiu 1891. [OJ, 24 . 224. 
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III tiu‘ last-inuiU’d <‘ns(‘ tiu‘ n^action is (l;ni<ri'rously ex{)l()siv(‘ and should 
only 1 h' <»arrit*d out with small cjuautitit‘s of llu‘ ri'a^n/nls. Ozo!u^ is also 
fornuHl during’ the {h‘coniposition by lu‘at of potassium c*hIorat(‘, and by 
llu' antion iA' nitrii* a<*i<l\ pn*t<*rahly of (haisily on animonium 

pti-sulpiialo ^ <*arfrnlly warmotl up to (»5‘' to 75“ 'Fht^ lihoratocl gases 
aar washed witli eaustie-pt^tash solution and c‘ontain from .3 to 5 per 
cent. of ozone. 

O'/caie is prodiH’ed during tlu* eh'otrolysis of neutral or alkaline 
solut ions of pot assiuui tluoridt^ in eonsiapuaiei* of t lu‘ ac‘t ion of t.lu‘ Iluorinc 
monicidanly produta-d at tlu' ano(h‘ upon tlu‘ water in its vicinity.^ 
Fiha*! roiysis of jupieons hydrogen (luori<l<‘ is stat.ed to ha\'(‘ yielded'^ 
ozonisi’ti oxygen eoidaining from 0-1-75 to 3-4<S per etid. of o/^onc^ by 
\ohnnc‘.‘^ With a saturated solution of potassium lluoridt^ at O'^ C, a 
yield of ()■<»“> pt*r c'ent. ozoin* has betai oblaintsl for a short tinu\ hut the 
pi'reentage <d' o/.om* tentis to fall with the duration of ilu' (‘Xpcu'inuait. 
\hiriation of <’urnad density from 5 to 10 ampert'S pt*r stf. decimetre^ does 
not appear to have any appri*eiable (‘ffeel upon tlu* yi(‘l<h^ 

Iful pii'haps the most satisfa<‘li»ry ehemi(‘al proei'ss for tlu‘ prepara¬ 
tion of o/oije is the i'ieelrolysis of tlilute sul|)huri{‘ a<‘id, A 15 pm* e(‘nt. 
solution of ai*i«! is reeommended, <‘ouple<i with a high (*urrenl; <U*nsity, 
nanu'lvx HU amperes per stp eim, at the (plntinnm) anodt*. With a 
platimuie foil anotle sealed into glass so that, only a thin edge is ohtaim^d 
projeeting tti an I’xtent of about onedtadh of a inilliiuet n*, it- is possible 
to prodtitH* oxv'gen containing over 20 per (sait. of o'zone by vohuiu*.^ 

d'lu* nmonnt of ozom* has been inereasisl to per etad.. wlien 
ealetdated in terms of the gas lilna'aU'd at tin* anod(‘ liy tlu^ direct 
<airreid by suprrimp<ising an alternating (airrent, on tin' last named.® 
This rise in ellieitan’y is attrihntable to tin* th*polarising action of tlu‘ 
alttmating eurnad, 'the nt*tnal e<»iu*(adration of the* ozom* is, howevt*!*, 
only Vi |Ha‘ ca rd, of the anodii* gas<*s owing to dilution with t ht* gas 
liiieratial by t tie aHta*nat ing t’uriaad. 

CJomiiicrcial Fr<KliiCti<ui of Ozone, 'ria* <deetnc'al nud liod is 
the rady <aie suitable for tin* tta^hnieal prodmdion of ozone, and Idu* (am- 
ditions maH'ssarv f<U’ taisuring a maximum eHieitany hav’e Ixaai c‘iirt‘fully 
studied by many investigators. Thus it is found that a. largt^r yield of 
ozone is olitained wlaat oxygen is passial through the ozonis(*r iiisttaul of 
air, iMoisInn* exerts a noteworthy n-tanting inllmauax’^ and t.lu* gas 
shotdii therefon* be dried prior to |)assing into tht‘ ozonista*. Hisc‘ of 
tempt rid lire likewise reduees the ozone jiroduet ion,^ as is (‘vidcait 
fnan the following data : 

^ Miiliituaru d. Vhtifm, (‘him., HHl, 3 , 

Piiiili, MirrirtH‘hi- m., 3 , 47-1. 

Zrtim'h, 36 , 3.75. 

* Enrtid, *s'or,, HHirt, a, 34). iming eurnait tltawity at lUO amjHTOH 

|»*r fH|. ilfi'iriirms a yitdd at uaiy a»23 vt»hutH' oait. t>f tt'/eiif. 

F. Finrlirr Miitl Zt iheh, Hmmj, ('ht m., IIHIU, 61 , 13. 153 ; F. Fischt^r aad 

Und., n«»7. $2. nri. 2'Jii. 

® 5r*’lid>4|fl jiiid \fsJi Wnrtfidirrg, Avitm'h. Kh kirai'ht m., HHI, 17, Ht2. 

‘ Wiirlnii'r itail b'lth.-norr, inn. /Vii/.Mig*, HHia, ptf 20 , 75L 

'ih. , |sa3, 14 , 71 : (‘ertitak, (‘hnn, At'ntr., IIHia, ii,, f>H5; Hvr, 

th-ui, 07vi., lantl, 4 , la’iH; Uriiit-'f untl Oumnrl, (‘tmpL frmi., 1907, X 4 Si 1272; 

.fnif, 17/. hiUrntil. rang, AppUi'd (dam., ItHHl. nva. tl, p. 143; Idatler, Tram. Amer. 
!nni. iditm. /dig., i!lliy 3» |HH, Pumdiia mid Kfnathtmthev {./. Ham. PhtjH. (Jhem, aSV>c., 
I9M, 46 , 57?»| iiiid tliJil rm* »*f fnita Cr* In 2H'' il favetim production, 

ttiiilHf. flirt hr f ror dnuiitiHltrii it. 
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EFFECT OF TEMPKRATl^RE ON OZONl* 
PRODUCTION. 



1 OznlU*. 


i 

T(‘iupt‘raturt\ 

1 Pt*r i‘f‘ut. by 

dVlIsprTitl UU', 

Vi'T i'viit , by 


VtduiiHn 

t . 

\ * -buiis’. 

• ■ 78 

to 

05 

* ^ 

40 

0'2 

78 


-.20 

7*0 

HHI 

u-s 

0 

5*2 

102 

ii-n 

20 

4*7 




Tlui (‘Iuira,(‘it.‘r of ilit* ttiscluinii' is iiuina'tnnt, .s|sirkin'! Iiriuvj rat,!’! 
(‘iliciiiicy. Alh'rnatin^^ {‘urroiits arr usually iifi|»lo\Ti|. ain! I ha prf" 
ccnta|,u‘ of ozcuu‘ is fotaul to nsa wifii thr l'ria|iirna) luilil a rfatu 
nuiximuiu vnliu' is roaohtaO \vhi<*h varirs uilh tiir Ihuuj 

1,240 j)('ri(Hts par s<‘<a)U(i at. 0500 volts, ‘JTat at Tooci vtifK, I'aUi at 
8000 volt's ill oiU‘ sorit'S of <'Xpariiarut s, liii- ralo of passayr *4’ ajr f hrr»iij.jh 
tlu‘ ozouisor nauaiulujif <‘oustaiit. luorraw iu tla* rafr of air-flow 
displa.(‘(\s th<.^ point of niaxiunnn oztuir produrtion iu llir' ilirroiion uf 
increasin|j[ fnapuaivy. 

The inl'hu'iK'e of prt'ssun.' up to 5 atuu^sjOa-rrs ha'* hr» n i.i»fil’d,iiitil 
th(^ r(\sults show that tin* optiuiuiu point IVh* th*' prudia tiMii *»f 
lies between 0*5 and 1 utiuosphona 



TimSiemem-Dt FmeirMmhvriH one of the best kiiioun anil is shrovn 
in diagrammatie Ke(d'.ic,)n in tig. nu Six or nxdit uluss eyltiiiirrs, 
nicasuring some S feet in lieight and lit ineheH in litatiirlrr, ;irr fiviih 

* Warburg anti .UntbiiuwT* Ann, PMHb I'lj. 1. O. F«»f *4lifr ♦'Itni.rirfil 

datii, H('‘a Warburg* SUzunfpbrr. K. Akttil, Hrrhn, |r, Oil | ; \| Or.ii iI.mI , 

UKKb p. inid; Ann. HHO. pij, 13,477; Hwell. /%.a'oil iuoi./p’; 411 ^; 

Fisahor and Briwdnurr, ./Irr., llHlfs 38 , ^tKBJ; mil, 17 , 4II ; 

Archibald and vtui WartciilM'rg, »6iV/., in 812. Ihiwjliiii aip| liniirbi im\ ni. 

® von Wartcnla'rg and Mair. Ztiht'k ElHirm'hmh, 1 % H7IK 
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two ahri'jist, in a oast-iron box whH*h is dix idi ti iid o ihriH* horizontal 
(‘onipartnuads. Wattr is [)asst‘d thron^fi iho iniddii' (‘liambrrio k(‘e|> 
tlu‘apparat ns (hu)L Katdi <^dass (‘vliudor luiids oiu‘ of aliiininiiiin, wliiidi 
rests on a i^iass plate on t!u‘ bid tom oi* llu* lowt st isunpart inmt and is 
thus instilated from the metal box. It is birt her sepa!‘afe<l from the 
glass (‘vlindia’ l>y an annnlar spaei* about jV; in<*h widta up wliieh a eurrtid 
of air eontinually passes, 'ria* <*astdron box is earl lush whilst, t iu' 
aluminium eylindta's an* raise<i to a ptdential of nearly tU.CKH) volts. 
I'lit* air ent(‘riug at A (tig. .'M ) eseapes at U charged witii ozs>!U‘. 

Idu* (hsiNitt'r o/.oniser consists of a series of parailc*! iron tubes 
through whiidi tin* air to be t)Zonised is math* to |>ass. A strip of nu'tal 
witli a saw-likt* (‘dgt* passes down Iht* li'iigtii of each lube inside, but. is 
insulated on poreelaili supports. 'The tube*, are eunneefcd hs one pole 
of a high tension trauslbrnier, and the net ad strips to I lie tjf her, an 
alternating current being used. I'he aihantaga* of this apparatus Ii(‘S 
in the fact that no dieh*etrie t>lher than the porciAun su|fports and tiu* 
air to bt‘ (r/.onised is re<|uiretL A series (?f these lub<‘s const if uti*s a 
l>attery." 

Physiical Properties, 'riu* <*haraeit‘ris{ie odour of tizoiu* eau always 
b(‘ observed in tlie atmosphere, near ehs'lrieal apparatus worki!i‘( with 
a high x’oHagt': imleed, so peiiet rat is the otjom* that it will betray 
tiu* pnvsenee of one pari in millions ol’ air.^ As aireatly mentioned, 
it was t his odour t bat led Selu’aibein to su;gn'st t h«* name mma’ tor t he gas. 

The blue i'olour of ozoiu* is easily pereeplible in the vcjs obtaintsl 
by c‘vap(H’ation of tiu* litpnd and i*an alsi* la- «h beted in c»\xa.(en eon™ 
taiiung only 10 per < ent. of (»z(»ne ” if layers of at leas! 1 fuel re in dep! h 
an* (‘xamined. O/.one <*\erts so marked an absorption lor ultra xioh‘t 
light,** espt*('iaiiy in t he neighbonrluMal of g.'iS pp, ns f o allow ! hr anuaud 
of oz(»ne in ozonisecl oxy*gen to la* d<4erinin<-d photo eleelrirally. 

(h/tansed (»\ygen is appreeiably thaisei* than pure oxxgen. A litn* of 
o’/.tmt* at X.dkP. xxouhl weigh *J‘ \ Ida grams, whereas uxygeji ueighs tady 
1*42HO. Its density, therrtbn*, is boU. where fhal (d* oxygen is laktu as 
unity. The <"on(rac*tion aeecanpativing lie* formation of o/one fnan 
oxvgi’H xvas first obserxe<l i»y Amlrews and Ibil in UUU). 'Tht* higiier 
{iensity of trzont' is indieateil by the rrlntixt' xelnrifir'. (4 dittusi<ai td 
pure* oxygen atid ozonised oxytuat, the results of Sorel attd of Ladmlairg 
obtained xxith a mixture* <d' kiuovn ozeaie eeatbat! iiHlie'afing for erzone 
a vap<atr elensity 1*5 tinu's that td'oxygen (ms* fu !55}. 

Ozeau* is distinetly mon* solubh* in water t han «»xy«(en, but it has not. 
been hamd pc^ssibie* to obtain euneitnlatd ligures ha* I la* sedid>ility, 
lH*C*nUSi* in aeptisais solid itiU the* gas deeeaetpoM-s so rapidly that ea|tiih" 
hriumis diflienlt to attain, Moufmig‘* stah^s that I litn* ed’ wat.er 

* Miirtley KliUrH fhiU »*nt» *4 e/un*’ prr 21 aullieu parf.t ‘4 air l»y velaaie is ikSeet- 

able l»y the ef {Trnu'h Chin. |HHl, ! U K 

liautefentille and tose/., Issei, gt. 422; «‘happ^hs, Ctmtpi. rnu!„ 
IHHO, 91 , imh 

** lliuilry, Trann, Chm. Sm\, iHHl, 30 , 47 ; lad*ry aad fkii- .eit, (“tunpf, rnn!.. UJUI, 
X 56 , 7 H‘i; I\rii|,fer auil ,\|Malkn', Vkip^iknl, /.tit rh,. ItM2, epVZa ; Iia!!\i.e4i-s ,1«a, l*hij^*iik.i 
tlHia, 'IP, 402; nad bdiianna, /kr. in at, phi^.-K OS e, ^|, 124. 

sViiMiie. H»t\. lH7:i. 6 , 1224 ; Mailf»*rt. roa/., fMM, 119 , ‘l.'d ; Uudes Tm.iuh 

i'hm. Sin\. laoa, 8;|, 1442 ; Liele'iiheaxs ICr.. tHUH. 31, 2414 . 

« iref/f. Uruntri I. IflH, 4 : 14 . Mudirrf iCimipt. n*i,. |K‘}|, it% 441) 

feuiid fleit UtOO j'raliiH *4 Wiifrr at 0 <-*add alciMiJi ate I fieotri. «•! n/niir. N-r ntsu 

Lii<lrahtir|.x /4r,, ji, 24Its. 
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dissolves about 10 mg. of ozone at 2° C., but only 1-5 mg. at 28“ C. If 
this is correct, the solubility curve is remarkably steep. . v • 

The solution possesses the characteristic odour and o.^idisuig 
properties of the gas. In dilute acid solution ozone is mueli more 
stable and the absorption coefficient in decinormal sulphuric amd has 
been experimentally determined as 0-487 at 0.^ 

The “ ozone water ” of commerce usually contains no ozone. Its 
activity is due to such substances as hypochlorites, etc. 

Carbon tetrachloride dissolves approximately seven times as much 
ozone as does water, and when oxygen containing 0 per cent, of ozone 
is passed through the former solvent a distinctly blue solution i.s i-a.sily 
obtained.^ 

The speeific heat ratio has been determined by extrapolation trom 
observed values for mixtures of oxygen and ozone and leads to tlic^ value 

y=l-29. 

The magnetie properties of ozone are more marked than those of 
oxygen.^ 

The gas can be liquefied by cooling/ or by combined cooling and 
pressure, but great care is necessary in working with licpiicl (r/oiu^ 
because in the liquid or compressed state the substance is cxecHHliugly 
unstable, and tends to explode if the pressure is suddenly rc‘du(‘(‘d or 
the temperature suddenly raised ; ^ contact with grease or organi(^ 
matter generally also may cause liquid ozone to explode. 

Liquid ozone has a deep blue, almost black, colour, and is o})a.(pu‘ in 
layers exceeding 2 mm. in thickness. It boils under ordinary piwssuiH^ 
at C. the considerable difference between the boiiin^-points 

or liquefying-points of ozone and oxygen suj^plics a convenient method 
for separating the former from a mixture of the two gases, oxygem 
remaining uncondensed at temperatures far below tlie tcinpcruturct of 
liquefaction of ozone. 

On cooling liquid ozone in liquid hydrogen, it solidifies in violet-bla(‘k 
crystals, melting at —249-7° C. Its critical temperature is —5° C,; 
critical density 0-537; critical pressure 64-8 atmospheres. Its density 
at the boiling-point is 1-46.’ 

Chemical Properties.—Ozone is an endothermic substance, its 
formation from gaseous oxygen being attended by a large absorption of 
heat, namely 34,500 calories per gram molecule at constant volurue.^ 
Thus 

3(02)=2(03)—2X34,500 calorics. 


^ Luther, Zeitsch. Elektrochem., 1905, ii, 832 ; Rothmund, Eeslschrijt W, Nenist.^ 1012, 
391; Rothmund and Burgstaller, Monatsh, 1913, 34 , 665. Mailfert, Conijd. rend., 1894, 
119, 951; Leeds, Ber., 1879, 12, 1831; Carius, Ber., 1872, 5 , 520 ; 1873, 6 , 806. 

2 Pischer and Tropsch, Ber., 1917, 50 , 785. 3 Becquerel, Co 7 npt. rend., 1881, 92 , 348. 

^ It liquefies with ease at atmospheric pressure at -181° C. (Olszewski, Monalnh., 

1887,8,230). Hautefeuille and Chappuis {Comp, rend., 1880 , 91 , 522; 1882, 94 , 1249) 
liquefied the gas under pressure at —23° C. 

3 Erdruann (Ber., 1904, 37 , 4737) describes a convenient apparatus for expenmentH 
with liquid ozone. 


® Riesenfeld and Schwab, Zeitsch. Physih, 1922, ii, 12 ; Ber., 1922, 55 , [B], 2088. 
(^szewski (Monatsh., 1887, 8 , 69) gives —106° C. (hydrogen thermometer); Troost 
{Compt. rend., 1898, 126 , 1751) -116° C. ; Ladenburg {Ber., 1898, 31 , 2508) - 125° G. 

’ Riesenfeld and Schwab, loc. cit. 

» Kailan and Jahn, Zeitsch. anorg. Ohem., 1910, 68 , 243; Jahn, ibid., 1908, 6 o, 337 : 
see also Berthelot, Ann. Chim. Phys,, 1877, lo, 162, ? » » 
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This h^nir(‘ has hcnai ohiainccl by dtroinpusiiii^ t>z<>iu‘ aiul uotiia^ Mu‘ lu'at; 
(‘volut ioiu 

As ini,i(hl 1 h‘ anticapatad from its taulot})(‘riui(‘ nalnna ozoiu^ is 
unstabUa aiui (hH*i)nipos(‘S s!<v\vly t‘Vt*n at. ilu* ordinary la'inpta'aturcd 
At. to KH)*' V. its dt‘(*oin posit ion is practically instantaiU‘ons. 

A phosphorcscH'nt li'j^ht is obsia’vtsl on ht*atii\^^ ozonistsl oxy^ujtai to 
35t)" ('. A n)or(‘ powta'l’nl phosphorcscaana* results on (hs'oinposini^ llu‘ 
N apour of litpiid ozom* with a hut "[lass rod.“ 

Kxpusun* to ordinary liijjht ac(a'lt'ratcs th<‘ dccHHUposition,** <wcn red 
aiul yt'llow iijrht cxi'i'tin^p sonu* inthu'iUH*.'^ IUtra-vic^c'l. lij^dit is par¬ 
ticularly n‘acti\’c,‘* but hauls to an c(piilibriuin, inasnuich as oxy^nai is 
cotivcrtcd into o/.ont* uiuh*!' the likt* intlu<*nc(‘.** Ozone is inon* elu^nu™ 
<‘ally reactive' in siudii^lit than in the* darkA 

It is intcrestiiu^ to not<‘ that, wlu'rcas adinixture* wilh<*arbou dieixich*, 
nitrot^u'u, aiul oxvjL^en docs not esmsiderably affect, the rate' ol‘ decoiu- 
position, the |U't‘sen(‘t* of wator-vapour, chhiriiu*, or nitro.^en dioxide^ 
causes a marked acec'lerationA 

(’<‘rtain substaiu'cs, such as platinum black, copper oxide, and tlu* 
<lioxid<*s of h'ad and mam^aiu'se, exert a e'atalytie <‘ffecl on tlu‘ 
decomposit ion of erzont', and solutions of t he alkalis have a similar effc<4. 
'i'ht* final result in all these decompositions is r<*present<*d l>y tlu'cipiation 

20 .J .no., 

atul jdtboueh the mechanism of the eleeomposition is luM- t'xactly 
understoiHl, yet in the «{aseous slatt' and in solution its rt*a(‘lion is 
^Xenerally binujh'cular.^ 

Ozmie is remarkable for its <’hemi<’al activity whie'h is manifcst.t'd 
in several ways, namely : 

1. Oxidation, durin*^^ tlu* process <»f wiiich th<*r<* is no chani^t* in 
volume in so far as tlu' ozone itst'lf is <*om‘ernc’d, (*ach moh'cule trf ozom* 
yiOdin|r a molecule of oxy^uai, the third oxy<jft*n atom (‘utt'rine the' 
oxidised product. 'This is tlie most usual t vpt' of oxidation. 

2. Oxidation in whit'h all thres' atoms of oxy'j^t'ii art' alasorln'd in 

oxidisine, 

n. 'riu* formalhm of adililioii prt)dn<4s such ns tizonalt'S, ozonidt'.s, 
and <axozonit!es, in which tlu* ozoiu* m<»leeule ns a wholt* is attac'lu'tl to 
tlje final [iroduet. 

^ C.!liirk Htut Tmm. Chrm. HKIH, 93, IIS 3 K; ('Iiataaif, Ann. 

IIHM, 14, aa 4 ; Hit'iitntj.nhrr K. Aknd. Ifkifl. lUrHu., Hial» 48, I. Utf* ; IN'fnmu fuul C*rc‘'ave«, 
i^rm\ Htnj, IIIUH, St), [Af ; C‘hii|tnina niul Juni’N, UHO, 97, 24118 ; IIHl, 99, 
IMU ; Fi?i<’|}eriia<i 'rnipsrh, /irr., Ull7, 50, 

® Uej^tax Zril-/ir/a A7r4'lnw7i«7«., inin, 16 , 7H; Sturhtev, Zritv/,?, tt'i.v.v, 182(1, 

‘‘ li«nr/e«u, CintipL rtini.t IH72, 74, I2lt7 ; vuu Biilir, Aw/a i^hpmkt 181(1, 33 , f»8H ; 
W<4|.ifert, Zrim7i. phyrnknl. F/irw., 1812, 80, 7H, CXanpiU’i’ liuwH, Zritmih Klrrirnrhrm.f 
IlHli’., 12 , 41 S 8 . 

^ (Jritlilli iitid Hhiitt, Tmtm. ('hnn, *SW., 1821, 119 , 184H. 

»Sri< |». Mo, flirt hi'r art< 

** ('ampt. frmi.t IHor>, 121, 125. 

^ \Viirlna>t, K. Akmt. 11“w. Htrlin^ 1818, p. 1144 ; 1812, p. 2Itl; VVelgert, 

Ann. PhpHik-, 1807,24, 248; <1»ip«iari fual .limeH, Trann. (fhrm. *SW., 1810, 97 , 24B8; 
loll, 99 , I.Hll. *sjii 7 rHtem? iTmtnH. (*hm. iSW., IH87, 7 I, 477) In'lievinl rneiHi iiZuoe te Ih* 
iiiuri' fiiiihli* th.oi ilry. Hiat wiw ifirurnn’t, 

^ III iidilitiitu n» the friregiiitig refureneeH, mi Riithiaurul aiul Burgntallur, Mtmdnk.f 
1818 , 34, IRIfs 
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Th(‘sc‘ |mH‘(‘sst’S may nuw In* t'iuisiilrrrti in tnrii, 

1, TIu‘ rr:uiit>ris normally raliin*! timlrr Uiis fiiailim/ ma) ho suit. 
(!ivi(U‘(i into two yn'ou|K, nain* ly 

{a) Kcactiofis rt’siiltiny in pnn- ti\itla!ijai of ih.' Mih >1 o/Miiisrtl. 

{b) Kt'anlions ri'Millitin in tla' roduohon hofh of' fho n/«ino and tfir 
snhstaiuH’ Iroatod. 

(f/) iin'nhi'/ii; i h*' inajori!\ o| Ihr mia* 

with o'/oiU' I’all nndrr tiu'< snhdiviNion. 11 \ dr» and nitroiaii arr 
not anVcIrd hv o/.oin* malrr ortlinain rtjnddioii-.. hii{ iiidiurd Milphar, 
ars(iU(\ aidiniony, and tla* various alhdroprs ot pho-.plioriis a-fo ouii • 
vca'trd into uxitli's am.!, in I lu* jirost imo oi* nu»nd nna mto I. h.r ourrr%|Haiditi« 
anids. 

Ihidii- tht' inllUiiHT of uf! rav iohl Indd from, a. *|tiart/. mrrniry 
vapotir hnuj>, lanvr\a r, o/.tmr is oa]*ahlo n! o\idtann «iry hs-ilrttoru, thr 
following nsmtions taking piano : 

(i) ‘iO, h,: 

(ii) !i,r u, 'ii,u Ih, 

llt‘a(*tion (i) is muanall)' slous hnf i\ ‘,n*raflv ann^-irraJ i-d hv « v»ii ’tin-dl 
(pianlilins of hydropain l!y<lro*'‘»-n p<';ro\idr dor-, umI ,i|>|nitr to hr 
foniusi un<li‘r l}u‘sn nondiliiais.'* 

Ihuinr the iidlmiinn of <*zonr all lla- noniim*}i nntah- fM’rptiu'.f mihl 
and |>latiniun am taaivt rtnti, siipt siimally at Ihr mrlal n. nilo 

oxides ; thus sih'er hi/eoiurs t't>afrd with a fdari. lihn of a. p^ ro\n|ta 

honihiiusl hx'tlrojLijnn is frupa-nllv o\idisr-d h* a‘» in liyt!m»*nit 

stdphidn'* a!id |ialladitun hydimir uhi*di ut i«l tla* lr*r < Iruirnl and 
\vah‘r ; alsc» pliosphiur and ammonia, in ulurli no! on!\ n* flir liviiroja n 
oxidised, hut also thr ot ht r nlmn id pis snd niv mrf at‘id Inm* ». Ifydrojn n 
(‘Idoride, iiromide, and i<ididi'arn t»\itlisr'd «dh hh« ralion of Ihr .haloyrii 
a eonditimi of t‘<|uilihrium hrinn r? anfa d in tin nasr of thr 
first iianit‘d. 

lidded with steam to Pill' C'., livtlrtimn sM!|ihidr r. partially, hnf 
not eoinplet.ely oxitlisrd tc* sulphnrii* aeid h\ o/..oms«’d aim"’ 

(’arhon monoxide is sltiwly osidisrd h\ o/.t»nr af ordinary trnipnao 
lures, the nsietion hein|„^ fa\ourrti iyv hath and NMnshiO"/ At idU I’. 
thi‘ oxidation proeenfs rapidly,'^ and h\ iaihfdmi 11^* rm» mnin,' 

IVoin tile o'/oniser t.lin.aipdi limr'nva-trr or limyta wat«i\ Ihr prrsrner of 
earhon dioxide is readily ifrUHmstratrd. 

Sulphur liioxiile am! nitrous rumrs arr rapid!)' oxidisrd hy ititds! 
o'zomx with formation ofaulfihurie ami mtn*‘ a^ads rr‘,prr||vr'|\ 

^ Muir, Tmim, (>hern. *SVir., 95. ttatl; Firisfrr m 4 ln-‘litirr, hVr., |»«m 4^, -itHm 

® Weigrrt imrl Behriu 7*ritm'h. (lum., nUa. cja, |H*m U litPh 

80, 78 ; /iff., 101:1. 46, KUi 

iSrliWiirz imd Munrliaitwrr. f'h-w. lOM, 4 .» at*. 

^ Valtit, GazzHtit, lH7ip 9. .vil ; Ch.'irr. (’umpl, |s7'T. 85. Ihil , |s7:h, Eli, 7:!;! ; 
ihdia, Zriimii, anmj, Ghrm,^ Him. 42, 

BroHeiHiJit. /hoi. (-hhit, AppUrntn^ tOla. 4 , :m:I. 

“ Beriltcint, (UrmpL rvntL, IHTO. 87. da; \Vin**rfs Amrr, t'hrm, J,, ja, da. IViar 

pun' ScliWiir/, and Mf!iH*hnir)S'U /ro tit, 

^ PlauHinann, Gmnpi, nwL, lOln, 15a. KlIIL*; ICriiiKrii anti SMiiilai-iib, lldr , 8. 

1414 ) failrcl t(* drtffi Hiiy aiiilrr thr iallunirr rf .-lynl^da, 

floiir.H, Amtr. C’hrm, »/.. I0a:i, 4a. 

^ Bert In'lrf, Aiui, ( !iuii, Ih 7H, 14, lOlT ; H-rloAi»r/. iiiid yiiiiirlmirv*n', Irr. n?. 

Hribig,/h/i /I. vhw/. /irtoi, 10a‘i. II mi. all; imX mMil. dUI, Hiid 1**4.. isiv, 

AtmmiMi,, 101:1, 34, I 027 . 



OZONE. 


149 

111 the ease of sulphur dioxide a.t. temperatures below 40° C. all 
three atoms of oxypen in the o/one moleinile are utilised. Thus 

;{S( h 1 ().,-=;5SO.,. 

Hut with nitroffeii pi'roxide,' one moleeule of ozone is required per 
tnoU'cnh' of ptToxiik' at :25'' C, Thus 

N.()^-|-(),p-Nu()5-!-(),. 

Pol.assiiuii i<>(!i(h‘ in a<pi(‘(>us solul.ioii is oxulised to free iodine, the 
rt‘a(*tiou having boon <‘\tt‘nsiv(.‘ly applied iu the early history of ozone, 
hut it has now sonu'what lost iu favour because a similar effect can be 
produec'd by nitrogmi jX'ruxide or chlorine.- If the action of the ozone 
is pr()lon< 4 c‘d, tlu‘ oxidation may [)roc(X‘d further to the formation of. 
h^'poioditis iodal(\ and }>t‘riodaic‘.'^ 

2KI • 1 ■IL()iT)3:-:2KO 

In a similar mainuT potassium bromide yields bromine and potassium 
!iydroxid(‘, but tiu* furtlua' formation of liypobromite aiul bromatc is 
k*ss rajiid than tin* analogous rcacliou with ])ota.ssiuni iodide.^ 

()z()nt‘ oxiilisiNS alkali niiriiths in aiiucous solution to nitrates, the 
reaction taking pla(*c <|uaniitativcly according to the equation ® 

Na.N()u l '(\-...-NaN()a i-Oo. 

This r(‘action has l)t‘t‘!i made ust‘ of iu the detenuination of atmospheric 
ozone. 

Many otlu‘r inorganic salts arc' oxidised by ozone; solutions of 
manganese and h'ad salts yield llu‘ (‘orrest)onding brown dioxides 
nidess the solution (‘ontains a. nbrtively larger (piantity of nitric or 
sulphuric aei<l wlnm t he fornuT class of salts gives rise to permanganic 
aeiti,*^ diromie salt solutions arc* transfornu'd into chromic acid, 
potassium ferr(H'\'anide gives i.lu‘ ferrieyanide, ferrous, stannous, and 
l)ismulhous salls’yield ])reei})itains of tlu‘ ferric, stannic, and bismiithic 
hydroxide's, whilst, silver solulions form a. precipitate ot black silver 
poroxielt*. Metallie* suipbieles, h‘ad sulj>hide, arc changed into the 
corresponding sulphalt's.'^ Alkali thiosultdiates yield chielly sulphate 
aind dithiouati*.^ 

Some* of llu‘ thiosulphate ap[)t‘iirs to l)e eatalyti(;ally decomposed, 
elepositing sulphur iu ae(‘urdiin(‘c with the (‘quation ® 

Na.SA), Na,S(),, 1 S. 

The sulphite is then oxidised to sulphate^ by ozone. 

Tiu' oxides amd iiydre>xide‘s of the nui.ids geaic'ndly arc raised to the 
higlu'st degri'e of oxidadion of the nud-ail, thus ferric hydroxide iu the 

1 VVulf, mid KaruM*, ./. A frirr. Chan. Sac,, 1922, 44, 2398. 

^ Shh iHK I fi t and t7H. 

‘‘ Kngkir and Wild, /kr., lH9d, 29, 1929. 

^ (J{H*zar{)Ui**^r!iurnla('k. MannU'ih., 1991, 22, 955. 

** llHliC'r and Kao, Trann. ('hem* 1917, III, 799. 

Mac|U(‘nu(*, mai, IHH2, 94, 795. 

^ Mailfcn’t, ( 'ampt. rvnd.., 1882, 94, H(U), 1189 ; Vauiauclu, Amer. Chan, J., 1913, 49, 00 ; 
JaniniHcdi {ind (iutlHohalk, J. pmkL 67wm., 190U, 73, 497. 

« Kiessc'nftdd and EgidiuB, Zeiimh. anonj. Chem., 1914, 85, 217. 

® Yainauchi, Amtr, Chan. J., 1913, 49, 55. 
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presence of alkali yields a ferrate. With the alkali hydroxide's, however, 
ozone forms additive compounds or highly oxidisexl (‘oiuponnds c)l a 
special type; crushed potassium hydroxide al)sorbs ozoiu' tonning a 
brown substance, 'potassium ozonate, of uncertain eoinposii ioii l)ut 
probably KHO^ or This reaction may be regarded in t^vo ways, 

namely : (i) as oxidation by addition of the whole ozone* moU'C'ule. 
Thus 

KOH+O 3 -KIIO,. 

In that case the reactions would fall into the third catc'gory (] >p. 1 17, 151). 
But (ii) it has been suggested that during the process of alkali ozonation 
the ozone molecule decomposes into molecular and atomic oxygen, 
the latter, only, acting upon the alkali to form the ozonate*.- Wlic'u 
freshly prepared, potassium ozonate is orange in colour like* potassium 
bichromate, but on keeping, and on treatment with wat(*r, it dt'compost's 
into the hydroxide, oxygen, and potassium tetroxidt*. llubidium, 
caesium, and possibly sodium yield orange-red ozonatc's. Li(|uid 
ammonia, to which a small quantity of water has l)eeu addt'd, a})pc‘ars 
to behave in an analogous manner towards ozone, tluj liquid l>c*(*oming 
orange-red, but the coloration persists only at temperaturt's bt‘low 
— 50° C.^ By prolonging the reaction, the ammonia is cotu'crtc'd inl-o 
ammonium nitrate, with traces of nitrite.'^ llydroxylaiuint* rt'adily 
reacts with ozone, the nitrate alone being formed.^ Hydrazine hydratci 
is converted mainly into nitrogen and water. 

From the fact that the presence of at least a trace of watx'i* is iu*C(*ssa ry 
to effect oxidation processes by ozone, it is of interest to notc^ that watt'r 
is not oxidised by ozone to hydrogen peroxide; indc*ed, in tin* jn’t'stnu't* 
of hydrogen peroxide, ozone in alkaline solution^ decomposc'S ax'cording 
to the equation 

Ha02+03=II,0+20,, 

whilst in acid solution, except in the presence of a hirgc c‘X(*t‘ss of 
hydrogen peroxide, there is a tendency for an imduci proportion of 
ozone to undergo decomposition. 

Ozone affects a photographic plate.^ It is also statt'd to cause 
the explosion of nitrogen chloride, nitrogen iodide, and also of nitro¬ 
glycerine.'^ 

Towards organic substances ozone is strikingly ac'tivc*. Organics 
colouring matters are bleached; for example, indigo is oxidisc'd to isatin.« 
Turpentine rapidly absorbs the gas, and if the li(j[uid is (.*xpos(*d on 
filter paper in an atmosphere of ozone, inflammation may occ'ur.^ 
India-rubber is rapidly attacked and so is of little value for (*otuu‘ctions 


1 Baeyer and Vdliger, Ben, 1902, 35 , 3038 ; Bach, Ben, 1902, 35 , 3424 ; Mancliot and 
Kampschulte, Ber., 1907, 40 , 4984; Traube, Ben, 1912, 45 , 2201. 

* Traube, Ben, 1916, 49 , 1670 ; 1912, 45 , 2201. 

3 Manchot and Kampschulte, Ben, 1907, 40 , 4984; Manchot, Ben, 1913, 46 , 1089. 

* Strecker and Thienemann, Ber., 1920, 53 , [B], 2096 

' 1879, 196 , 239; Inglis, Tram, Ghem. Soc., 1903, 83 , 1010 ; Roth- 

mund, Eighth Inter. Congr. Ajpp. Ghem., 1912, 26 , 611. 

« Schaum, PhysiJeal Zeit., 1905, 6 , 73. 

7 Jouglet, Gompt. rend., 1870, 70 , 639. 

8 Lee^, Ohem News, 1879, 40 , 86 ; TWnard, Oomvt. rend., 1872, 78 458 - Erdnmun 

J, praH. Ghem., 1857, 71 , 209 ; Houzeau, Gompt. rend., 1872, 7 8 349 ’ ' ’ 

® Harries, Ben, 1908, 41 , 42. 
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in ozone apparatus. Alcohol is oxidised into acetaldehyde and even 
cellulose is oxidised, giving an indefinite peroxide compound.^ The 
oxidation of an alcoholic solution of tctramethyl-p-di-aminodiphenyl- 
metiuuie by ozone produces a violet colour ; this solution, applied 
conveniently on absorbent paper (as “ tetramethyl base paper”), 
siipplies a delicate test for ozone, possessing the additional advantage 
ol distinguishing this gas from nitrogen dioxide, with which a yellow 
colour is formed,^ and from hydrogen peroxide, with which no colour is 
obtained. 

(b) Reactions involving Reduction .—One of the best known of these 
is the reaction between hydrogen peroxide and ozone, both of which 
undergo mutual reduction. In alkaline solution, or in the presence of 
excess of peroxide in acid solution, the reaction proceeds in accordance 
with the equation 

II 2 ^ 2 +^3 “^^ 2 ^ +20 2 - 

2 . All tiiree atoms of ozone may on occasion be used up in oxidising 
a sul)stanee, but this is less usual. A common illustration is afforded 
by stannous chloride*, the oxidation of which proceeds as follows : ^ 

3SnCl2+6lICl+03=:3SnCl,+3H20. 

3. Additive Compounds. —Under this category the ozonates of 
the alkali metals are fr(‘quently considered, but Traube concludes that 
tliis is not correct, the oxidation proceeding, in the case of potassium 
hydroxide for c^xarnple, as follows : 

KOH +303=KII04+302. 

Tlu^ reaction thus falls into our first category and has been considered 
in that connection (see p. 150). 

Addition eompounds arci frequently formed when ozone acts upon 
unsaturatcxl organic sul)stan(ies, possessing at least one double bond 
between two adjacent carbon atoms, and are termed ozonides . Benzene, 
CqHq, wliich ])ossessc‘s thr<.*e such bonds, yields a tri-ozonide, 

Oleic acid, C+lLj^.COOM, which possesses one double bond, yields a 
monozonide, Ci 7 lT.}.j( 03 )C 001 I, a viscous, transparent, and colourless 
liquid wliich decomposes above 90° C. With alkalies it breaks at the 
double bond, evolving oxygen and yielding nonylic and azelaic acids. 
Thus 

CII 3 , ( 01 X 2 ) 7 . CII=C1I. ( 0112 ) 7 . COOH (oleic acid) 

I + ozone 

Clio. ( 0110 ) 7 .0II-™-0II. (OHg)?. OOOH (oleic acid monozonide) 

/ I 

0 - 0-0 

l)oiling with [ alkalies 
OII 3 . ( 0112 ) 7 . OOOII+OOOH. ( 0112 ) 7 . COOH 
(nonylic acid) (azelaic acid) 

Tlxe formation of ozonides in this manner is of considerable value to 

1 Bor 6 e, Trans, Chem. Soc., 1913, 103 , 1347. 

2 Arnold and Mentzel, Ber., 1902, 35 , 1324; Eisclier and Marx, Ber., 1906, 39 , 2655; 

Wurstor, Bar., 1888, 21 , 921. ® Yamauchi, Amer. Chem. J., 1913, 49 , 65. 
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the organic chemist in that he is enabled to determine the luimbni ancl 
position of double bonds in unsaturated conipoiuids, as iH(rK‘aled amn e. 

Oxozonides.—When ordinary ozone is allowed to react with un¬ 
saturated organic compounds, the element is sometimes taken u]) l)y 
the latter in groups of four atoms instead of the usual triatomit* groups, 
whereas if the ozone is previously washed by passage^ tiirough sodium 
hydroxide solution and sulphuric acid, the addition (xaairs only by 
groups of three oxygen atoms. The formation of oxozouid(‘s, as Harriets 
terms the products containing O 4 groups, is attributed b}^ Harries to 
the presence of oxozone O 4 in the crude ozone. The evidence as to tiu‘ 
possible existence of a tetr-atomie form of oxygen, however, cannot 
yet be considered as satisfactory.- Vapour density dettaiiiinations 
reveal no tendency on the part of even ])ure ozone to associate to higlua* 
complexes than that corresponding to O..}.^ 

Physiological Action.—Owing to its powerful oxidising propcrti(\s, 
ozone is both a deodoriser and a bactericide of considerable cdliciency. 
Schonbein ^ found that air, laden with organic mattcT libcratc‘d in tiu* 
course of one minute from 4 oz. of putrid ilesh, may be complctcdy 
deodorised by its own volume of air containing 1 volume ol‘ ozone* per 

volumes of air. In 1875 Boillot ^ drew attention to the fact tha t rrc‘sh 
meat may be preserved for upwards of ten days without going bad, if 
exposed to ozonised air, whilst, if exposed to ordinary air, the nu‘at will 
putrefy in half that time. These early obser\^ations have rcct‘i\'t*d 
ample confirmation in more recent years,^ ancl the bactc'ricidal action 
of ozone is well established. 

It is, however, impossible to make a general sta,tc‘nK‘nt as to tlic 
minimum amount of ozone required to sterilise air, because so many 
factors are involved. Some organisms arc more resistant than others, 
whilst time, temperature, and the presence of moisture hav'c an im¬ 
portant influence upon the results. It is interestitiig to note*, iunvevcr, 
that Dupliil ® has drawn attention to the paucity of bactc'ria, in the air 
of Bordeaux—an air that is characterised by its liigh percentage of 
ozone. 

Unless the proportion of ozone is exceedingly small, the inhalation 
of ozonised air by human beings is liable to be aceompanit‘d by serious 
disturbances in the animal organism. The lung tissue is injun^d, the 
oxygen intake increased, and the output of carbon dioxide deerc*ased.’ 
Exposure for a couple of hours to a concentration of 15 to 20 parts of 
ozone per million of air is not without risk to life, and evcai 1 |)art of 
ozone per million of air irritates the respiratory tract.« This latter 


1 Hs co-workers, J5en, 1906, 39 , 2844, 3732 ; 1909, 42 , 446 ; 

1..06, 343 , 318; Ber., 1912, 45 , 936; Zeitsch Elektrochem., 1912, 18 , 129; 1911, 17 , 629. 

1911» 17 , 966. Molinari and his co-workcre, Ber,. 
190b, 39 , 2735; 1908, 41 , 2794. Numerous references to other workers are given in 
ujiese papers. 

2 Riesenfeld and Schwab, Zeitsch Physih, 1922, n, 12 - Ber 19‘>‘> kk (Bi • 
Karrer and Wulf, J.Amer. Chem. Soc., 1922 44 , 2391. ” t - 

^ Schonbein, see Ozone and Antozone, by 0. Pox (Churchill) 

^ Boillot, Compt rend., 1875, 81 , 1258. 

TA 1905, 8 , 387 ; Sigmund, Centr. BakL Par., 1905, 

14 , 400, 494 ; Arloing and Troude, Compt. rend. Soc. Biol, 1903, 55 , 236; J.abb6 and 
Oudm, Cornpt. rend.,^ 1891, 113 , 141, and others. 

7 d'Arcaehon Univ. Bordeaux, Trav. Lab., 1900-1901 p, 51. 

945 ; from Skand. Arch. Physiol, 1905, 16 , 41.* 
® Hill and Plack, Proc. Boy. 80 c., 1911, [B], 84 , 404. ^ 1 . 
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dilution, however, may not be harmful; in fact it may be directly 
beiielicial in eases of bad ventilation by stimulating the olfactory nerve 
and thus relie\'ing the monotony of close air. Air containing not more 
than 5 i)arts of ozone per million of air has been breathed by children 
without any ill elTeet. 

At still greater dilutions than the foregoing, the effect of ozone has 
been repeatedly proved to be beneficial. In cases of anaemia it appears 
to stiniiihite the multiplication of blood corpuscles, to increase the 
appetite, and to raise tlie general standard of health of the sufferer. 
Asthma, bronchitis, pleurisy, and pneumonia have likewise been re¬ 
lieved by inhalation of ozonised air, and it is not impossible that similar 
treatment may j)rovc benelieial to consumptives. 

The odour of ozone is so penetrating that 1 part per 2^ million of air 
is perceptible to the sense of smell.^ This is well under the danger limit 
mentioned above, so that the normal nose may be taken as a pretty safe 
guide in determining whether or not ozone is present in beneficial or 
dangerous (|uantity. 

Applications.--“ As mentioned in the previous section, ozone, on 
account of its powerfid oxidising properties, exerts a marked bactericidal 
effect. It is frecpKMitly employed, therefore, for improving the atmo¬ 
sphere of buildings that arc liable to be crowded, for underground 
passages, and for the stations and tunnels of electric tube railways.^ In 
these; cases great care lias to be taken that the concentration of the ozone 
shall always be \vell under the danger limit. 

As is usual in the case of odoriferous disinfectants, there is always a 
danger of confusing disinfectant or bactericidal action with the mere 
masking of an unpleasant smell, ^ and the actual value of the ozone 
treatment for ‘‘ stuffy ” atmospheres is easily over-estimated. 

Tlie baetericidai action of ozone has also been applied to the sterilisa¬ 
tion of water ^ and the ])reservatiou of foodstuffs. 

The oxidising properties of ozone have led to the application of this 
gas to the bleacliing of such substances as starch, flour, oils, and wax, 
delicate fabrics, etc. It has been used in the production of artificial 
silk and synthetic camphor. It has also been used to aid the “ ageing ” 
or maturing of wines, spirits, and tobacco. The action of ozone on 
unsaturatc‘.d organic compounds provides a very convenient general 
method for the preparation of aldehydes and ketones, which has already 
been a])})lied to the manufacture of vanillin for flavouring purposes 
and heliotropin for perfumery. 

Detection . --Many of the reactions described under the properties 
of ozoik; can be used for the detection of this gas in the air. Exposure 
to an ozonc-hiden atmosphere causes the formation of a film of oxide on 
the surface of a globule of clean mercury and so causes this to drag or 
“ tail ’’ when it rnoves.^^ The formation of a stain of silver peroxide on 
a clean silver surface supplies a very trustworthy test for ozone, but 


^ Hartley, Trans. Chem. Soc., 1881, 39 , 111. 

2 See Chem. News, 1916, 113 , 193, 205. 

^ The Central London Tube Railway is ventilated with ozonised air. 

^ Hill and Mack, he. cit. 
s See Chap. Vll. 

« Volta, Qazzetta, 1879, 9 , 521. 

’ 3h‘6my, Oompt. rend., 1865, 61 , 939; Thiele, Zeit. offentl. Ghem., 1906, 12 , 11; 
Manchot and Kampschulte, Ber., 1907, 40 , 2891 ; Manohot, ibid., 1909, 42 , 3942. 
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it lacks stnut‘what iu cicIicac'V ami alst> iiiislt'aiiinij rr^iilfs in 

the of hytlrojjft-a sidpiiitha 

Tctranu‘tliyltii“/>-ainin<Hii|)!ifiiylim-thaiir |jr<nal«'s a %,itiNf'arfttr\ n- 
agtait fca* ilu‘|^as (set* pp. lal, ITS), ami the tixitl.il inu nt’ itiiliils % uilh 
runuatieu c^f itniim* can aist> he applit-il. Apart t'rmn it% histarieal 
intcrt\si, tiu* last nietluHi hest'rves afteutitai htH*aus«' t4' its siiii|}|ieity ami 
tile reiiiu'meuts of whit*h it- iscapalth*. 1'he lii»erafuai *>! lujliur i% ii-aially 
detected by the fenuutitai <4'a him* ctthtratuni uitli stareh : it', liin\rvri\ 
the rormat-iou <if alkali is taaicurreutly tlrtmarsfrain! !»\ ii'^aie^ %larele^ 
frt‘C papc'r soaked witli potassium ituiitie ami phemjlpfit hat in •ailiitimi, 
wliieii lH‘C‘onu*s n*ddeneil hy t>/aau'* tm ueetaml uf lh»' lorinaliiai t»|* 
potassium hy<lnixiile (sta* |>. 17H|, thi* pos^ahdPy «»t emiiiiMnn with 
chlorine or bromine is namoeti. *l\i remit-r ftir stareh ie»dide trsi 
a,bsolut(*ly eouehisive, liowever, additional tests are ueer'ss,ir\, e.y. thr 
success ol* tlu* t(‘st should not In- affeeted if the uas is prraioiisly passrd 
through dilutt* periuaugauatt* solution, ii/oue heme imaffreted Ifv this 
reag(‘Ut whilst, hyaln^geii peroxide \'apour is i|eeoiup«*vj d ; leis^ata- 
through a heate<l tuht* or through a la\t r td ntameim sr dioxidr eaiisrs 
tlie decomposition of <i/.oue, ami tin* true o/.one reaelnm uilh sfareh' 
iodide should therefon* Ihii after tlie gas has Ineii so treated,- 

Litpiitl air provides a emiveuient ag»mt for tlie deleiiion of o/oue 
and uitrogeu dioxidi* eitlier togethi^r or separate!), rim although only- 
small {piuuiities of the gaseous mixture are ailahlia Whi-n the' gas 
is pass(‘d into flu* liquid air the’ nitrogen dn»\ide se|»arate-, ;i.s a solid 
and can he hlteml off, whilst tlu* o/,one remains ihsst*hed and eMu t>e 
recovered by careful evaporation i»r the solvent,^ 

Estimation. Ozone in small t|Uantitie^ usually e-Jimated t*)- 
the oxi<latiou of potassium itnliile, the gas being passeil through a m utral 
or alkaline solution of the salt. With an alkahue solution Iher. n, les** 
daugmr of the loss of iodine, and in any t*ase the 'solutioa mriHf m.it lie 
aeidilk‘<-l until after the ozone treatment or the results mil hr' high. 
The extent of tlu* oxitiation is t.iett*rnmird by m*id.if)iiig and Him 
titrating tlu* liberated iodim* with thiosuljihale ut the uai.d wav A 

In acid solution, potussimn bromhle is oxidised quaiilitaii\elv liv 
ozone yielding an equimoleeular proportion of bromine.** aiHf this 
reagent can therefore he used for tlu* estimation of ilissnhrd o/oite m 
the presence of hydrogen peroxiite,*^ 

Ozone can also he <*stimaied hy slowly passing the gasiaius nn-xturf’ 
through sodium hydrogen Hul|-ilute"sotuthm and titimting tfir unehangrd 
sulphite witli itnUm^A orhy the gravumetrie pnw‘ess uf ahsorhing the gas 
in oleic acid or lius(*ed oil and mensuring tlie increase tn -uiiglit A 

^ Mol 6 Ciilair Weight and Constitution* Althoiigh Selioiihriii was 
quite definite in his views of ozone ns ii «iistiiit*t stdistiiner, itir gmrnd 


^ Ghm. N&m, 1H78, 38, 224, 227, 237#, 2411 j AmuU mi4 ll.r„ ||iii2 

35» l»t24. 

^ Kewar and M'Miwter, Amm ('kern. U«m, 39, !«l !»Wr « mmnmtx *4 4iff 
tmguiMhing from liydmgi^ii mid iiitrou# finur-^ J," ptnlL i:hrm., 

1013, ii., 88, (IL 3 l»Whef mal ilrai'inaio, hVr., ai), |i|ii, 

IW'l. 34. IIH-I; Trottilwill a.i.l .7.' rh,m.. 

mr>, 48 . HH; u>«luw. /mUkU. KU'ktrmhrm., lltll. * 7 , ; lS»,4..rvi)i.. .....I 

J. Amtr. Chem. &<K , 11H2, 34, ‘ IiiKli-t. '/V,,,,.,. f jj. 

« Kothuiuml and Burgntaltor, MmmM.. IttlU. 34 . IM, i;.,l,M«,-vrr. •Vr.-ada.-ll 

and Anruslar, he. c%L * 

’ Ladonburg, litr., 1003, 36 , 116. » F.,n»rt.Ii, »««,««. UHi«. 3 . 1 . ,i,. 303. 
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confusion with hydro^aui |)c‘roxi(lc^ va])our retarded the development 
of the subject. Andrews and Tait, in thcar formation of ozone by the 
act ion of I lu‘ eh‘<‘t.ric dis(‘har^e on pure* oxy^^cu, demonstrated tliat ozone 
was an allot ropic form of oxy^jjcai of hi^iua* molecular weioirt (see p. 138). 
Sort*! then discov(‘rc‘d that ozont‘ is com])leU‘ly absorbed by turpentinej 
and was abh‘ it) dcanonstraU^ that tlu^ decrease in volume during the 
ozonisation of oxygem is approximately one-half tht‘ dc'crease observed 
wluai th<‘ ozoiu! is subs(‘(|uently absorbed by tur|)entiiu^; assuming that 
tlu‘ ratio is a(‘tually 1 : 2, it is (‘asily secai tluit the total loss in oxygen 
is li tinu‘s tiu‘ vohmu‘ of ozon(% indicating for ozone a molecular 
W(‘ight tinu's that of oxygeau^ Tlu‘ eorrec‘tiu‘Ss of tlie assumption 
as to llu‘ ratio of tlu' two volunu' changes was dtanonstrated later by 
ilrodic whos(‘ (‘Xpta’inuads yi('ld(‘d tlu' ligurt's 1 : 2*02,and so indicated 
in a couNuncing maniu'r that t\\v. cluanical (‘ha.ng(^ in thcj formation of 
ozo!U‘ was to Ih‘ r<‘pr(‘S(‘nt ed 

30. 2().j. 

Soret also (‘onlirnusl his (airlier iwsult by an indt*p(‘ndcnt investiga¬ 
tionbased on llu‘ relative* V(‘locily of dilTusion of mixtun^s of oxygen 
with ozoiu\ carl)(>n dioxide, and chlorine* r(‘spe‘ctivt*ly, in whic-h he was 
able* to show that t he va|)our density of ozones was a littk* higher than 
that of carbon dioxide*, but distinctly lowe*!* than that of chlorine. Tins 
e*xpcnm(‘nt has l)c‘e‘n re‘pe‘ate*el with gre*ate‘r a.ce*uracy by Ladenburg who 
usesi a gas containing 8 I* t per ceait. of oze>ne* obtaiiu'd by e‘vaporation of 
liejue'liesl ozone*, and, fre)m t he* ve‘lo(‘ity of dilTusie)n, was able* te) calculate 
a ele*usity I*3()htS refe‘rre‘d te) ejxyg(‘n whie*h le‘aels te) the^ value I-tlh) 
instead e>f the* the*(a’e‘tie‘al 1*5 fe)r pure* e)ze>ne* e)f m()le*cula.r formuhi 

Hc(‘e*nt de*terminationsof the* vapeau* density e)f pure* ozone contirm 
the* value* 48 for the* molee*tiIur weight.. No te*nde‘tK*y t.o associate te) 
highe*r mole<‘ules has bee*n e)bse‘rve*el eithe*r in the* pure liepiid or the gas. 

I'lie* gre*at.<‘r moiee*ular e(>inple*xit\' e>f oze^ue* re'lal.ivet to e)xyge‘U is also 
distine*tly eliseernibU* in t he* rat ie> e)r t he* sp(‘eihe h(‘at at c*onstant prt‘ssure 
nnel e‘onstant. v'olume*. Fe>r oze)ne* this ratie) has the* value*® 1*29 wliicli 
a|)proximate’S ele)se*ly te) that e*x|)e*e*te‘el e)f a triate>mie gas, whilst for oxygen 
the* vahu* is 1*404. 

Various sugg(‘stiuns have l>e*i‘n maele* as te) the* st.ruclure* e)f the* ozone 
molecule*, tlie* most favourexl f)ciiig 

A> () J).s 

.'' \ / "S 

() () () () () O 

Ac*(*ording to Briihl, the* last re‘prcscutatie)u is iu close*st agrtHanemt 
with the* s])c<*itic re‘frae*tie)n of the* gas, and it also giv(‘S at least; as (uisy 
an explanation as the* e)tlH‘rs of tlui re*udine‘ss with which the ozone 
mole*e*ule* t‘liiuinute‘s one ate)m lt‘aviug a stal)lc molecule of oxygen. 

^ 8 <>rt*t, ('i)mpt. ntiiL, IHOS, 57 , (H>4 ; /Inn. 67am,. IBOG, 7 , 113. PhiL Mag.<, 

iHtifl, 31 , H 2 ; 1897, 34 . 2 tl 

® Hnniin, l*rtH\ Hotj. Xwr., 1872, 21 , 472. 

^ Hurrt, Ann, ('him. !HG 8 , X 3 , 257. 

^ LinlealnirK, Ikr., IHim, 31 . 2508, 2830; 1890, 32 , 321; 1901, 34 , 1834; Stoedol, 
ibkU 1898, 31 , 3143 ; (Iniger, ibuk 1898, 31 , 3174. 

^ ltim*iifi4d and Stliwab, /hr., 1922, 55» B, 2088. Zdtsch. Physik., 1922, 11 , 12. 
KtirrcT and Waif, «/. Amrr. ('ht>m. 1922, 44 , 2391. 

^ iiicharz, hiitzung&ber. Befdrd. yes, Naturew., 1904, p. 57, 
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Historical.—TI k* fact that the u<.jrit! is surnauiArfl h\ an at* 
nuist have been milised by lunii at a Vi*ry carl) staii'r m lii\ i|*"\ rlii|tiiiriif . 
A knowlecijijt^ of tla* eluittica! etaa|Hi.sitiuu ni uir and it', iiillta nr?- ii|iuii 
or^j^anisms, lunvincr, has taily bisji r^is-nt!) a»s|nirrd. At 
air was n^i^anletl as a simple substanee, mn! m I he Are.t»»t * A-.m plnh 
ranked as an eUanent. alun|r wdh lire, earth, am! wain*. 

Gulileti dnnv atUmtitm Ut the material nature m|‘ mr by 

demonst.rating the a|i|»arent iiierisist* in ila- weindit e| a inelal 
when air is eumpnrssed inin it. 

Tile <!evt*ln|>ment, nf the chemistry eif the atiiiie^l»heis ua-* '•inim-nhat 
delayed by the cairly hn*k nf reahsatittn ttiat lliere e\isl \*iriMiis lunels 
of gases. At lirst tin* iiTm “ air ” was applied tu all g.aseuie-. *aibs| aiiees, 
and not until the eomnniieemeut of the seveiileenlh eeTiiur) vue-. I lie 
differenee in the naturi* of varhius gases reetigmsed ; iil flie. timr van 
lielmont, who introdneed the term ‘'gas/’ iihservii! the di\ergenee m 
the properties iif gases from differtait sonrees, and as an alimr,t imim diale 
result earbem dioxitle was aeeepied as a minor eons!duels! of the 
utniosiihere. 

In the sixteenth etmtury it was already kintwii tu aleiirimsls that 
the calcination of metals is aeisaupanied by an inerease m ueight, ami 
in the seventeenth it had been noted that, the air. I'remi its behaviour, 
must contain a principle analogous to that in nitres 

The correct conci-piion of the main etaislduenls the atmfo|i|iere 
immediately precedc‘d tlie fall of the plilogislun Iheorys wlieii Lavoisier 
(1775-1776), who hr.st recoguised the true naliirr of I,he two imiin 
constituents also effected a rough analysis. A! t hr saint' pennd FriesI try 
determined the amount of oxygen in the air by eausiag it to rniiiiiine' 
with iiitric oxidt% a gas which he hatl hiinst’If tliseovra'ed ; liliilsf 
Seheele, with a similar jmrpOHi.% alisorbed ttie oxygen iViun n ntrasnrrd 
volume of air by a solution of poiassinm sutphnle liver of siilplnir *’). 
Cavendish, the lirst chemist to bring piuannalic* elinnislry b,* « slalr of 
accurate measurement, <\siimut;cd the amount of llir aeli*vr eoiistiltieid 
in air by reitioving it with nitric oxide and a!si> by ex|fli»tiiiig if, walh 
hydrogen, and followed up tliis work by a tlrinoiislrafnni Unit the 
inactive constituent was iilmoi>i entirely iioniogrtieiiiis. olisii'vtiiii ihai 
the portion of atmosplieric nitrogf*!! whicdi conkl iiol. be iienie to <•11111111110 

^ Greek vajpour, and ff'fatfm, «|ib«re. 

® Priestley, MxpiTimmts eri itr, 1774, L, 110; Mximrimmi^ mmd tskpri4$mm, i7*lX 
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with jidditional oxygen vindei* the iunucncc of electric sparks did not 
exceed original air.^ 

As was indi(*atc‘d by the*, c^arliest experiments, the atmosphere shows 
l)ut little variation in ehemical (composition. Priestley could detect no 
dilkT(‘nec‘ Ixt.wcrn thcc (‘omposition of country air and air in a 
Binninghaiu workslioi), ami Cavendish, in 1783, obtained the ratio 
2()-S |. : 70*1 () as a surprisingly eemstant value for the relative volumes 
()1 oxygt'U and nitrogen. These results led several chemists to the 
coiu'lnsion that air is a. (htinite compound of oxygen and nitrogen. 
Dalton,- Iiowever, uiaintaiiu'd that air is simply a mechanical mixture 
of its constituent gast‘s ; and this view was (‘.onhrmed some years later 
wlun, as tlu' rc'sult of inotxc accurate analyses, small though decided 
dilT(iHiu*es wt‘r(‘ d(‘tect(‘d in (*ompositions of air obtained from different 
source's/^ Thus, in ISMi, Ihinstai d(‘tc(‘t(‘d slight variations in the air 
at Marburg, and sinctc that date many similar (d)servations have been 
ina(k‘. 

For mor(‘ than a. (‘c'ntury no (‘Xplanation was fortlicoming for 
Cavtaidish's obs(‘rva tion that a. small portion of the nitrogen obtained 
From air (vxhibits a p(‘culiar imadtu^ss, in that it rtcfus(‘s to unite with 
oxygcai undei* llu‘ iidlmau’e of elcctru* sparks. Indcxxl, the fa(‘t appears 
lo hav(‘ been (‘ulirely overlookcal until Lord Rayleigh drew attention 
to it in LSTt. Tlu‘ air was rt‘gar(k‘d as consisting of a mixture of oxygen 
and nitrogen witli nior(‘ or less moisture, aiul containing traces of carbon 
dioxi(h‘, o'/on(\ and S('V(‘ral otlua* minor constituents. In 1893 Rayleigh ^ 
published th(‘ results of a s(‘ri(‘s of V(‘ry actairaU^ devterminations of the 
dcnsitit*s of nitrogen obtaiiusl from various sourcecs, and drew attention 
to tluc fact that atmospheric nitrogcai invariably yieldcxl a higher 
(k'usity t han nitrogen obtaimxl from cliemiccal sour(*es, siuch, for example, 
as by the d(‘Composition of oxidt\s of Jiitrogen, of ammonia, or of urea. 
His results wtu’c as follow : 

M«‘au weight of aimoHphoric nitrogcui contaiuod in largo globe . 2-3101() grams. 

Mt'.uu weight of ‘‘ ehemical ” nitrogen contained in large globe . 2*29t)27 ,, 

Rayhdgh satislied himself that th(‘ chaisity of none of his samples of 
uit rogtm was afk-ett'd by tlu^ aetiou of the siltivt ticKd-ric discharge ; he 
also pn»V(‘d that tlu* lightness of the nitrogen from (dicmical sources 
was not. due to admixture* with auy known gas such as hydrogen, 
ammonia, or wait'r-vapour, ])osscssing l(‘ss (haisity than itself. PVom 
this it was (‘viehmt that (*it h<T tin* ‘‘ <‘hcmi(‘al ” nitrogem c.ontaincd an 
unknown a!ul less deaisc gas, or, what was more probable, that the 
atmosplu‘ric nitrogen was <*ontaminatc‘d witli a, heavier, but likcvwisc 
unknown gas, 

(hu'cndish’s <‘Xpt‘rim(‘nts wt‘r(* therefore rt^peabed in a more modern 
and r(‘limHi niamu‘i% ami it was found that, afte sparking atmospheric 
nitrogtii with aii (*X(‘ess of oxyg(‘n, and absorl)ing the resulting oxides 
of nitrogen and any n!nittaek(*(l oxygc'U by suitable reagents, a residue 
of an im*rt. gas was always obtaiiied, the volume of which was pro- 


i C!avendiHh, Phil 1785, 75 , 372. »Soo also Alembic Club Jteprints ILL, and 

thin VoL L, p. 

Diiiioii, Maurin’dtr 2nd Kcri<‘H, I, 244. 

linnHian Mvihotlvn {Hriinmc}i\vcig), 1857 ; also Rcgnaiilt, Com.pl. rend., 

IH 4 H, 26 , 4, 155 ; 1852, 34 , HCA ; Ann. Cfiim. Phyn., 1852, 36 , 385. 

^ Itayleigin /Vw;. Utuj. ,Soc,, 183.3, 53 , 140 , 1894, 55 , 340, 
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portional to the original volume of air used, lii conjunction with 
Ramsay, Rayleigh ^ isolated this new gas in sufficient quantity to 
determine many of its properties. Spectroscopic examination pioved 
that it was not nitrogen, and as all attempts to make it combine chemi¬ 
cally with any other known elements proved futile, the new gas was 
christened argon} 

Soon after the discovery of argon, namely, towards the close of 1894, 
Ramsay was able to obtain helium in sufficient quantities to render an 
examination of the gas possible, by heating powdered cleveite. Up to 
that time helium had never been isolated ; indeed, its existence was only 
known through its spectrum. When this gas was found to resernblc 
argon in its remarkable chemical inertness it was thought that possibly 
other similar gases might exist, and liquid air was therefore subjected 
to careful fractional distillation whereby three new gases were found, 
namely,^ Neon,^ Krypton,^ and Xenon.® The presence of helium in 
the atmosphere was also established. All of these latter gases, however, 
are only present in the air in very minute quantities. 


Composition of the Atmospheee. 


The chemical composition of dry air varies slightly at different places 
and, indeed, at one and the same place at different times. The following 
may be regarded as a fair average : 


Gas. 

Per cent, by Volume. 

Per cent, by Weight. 

Nitrogen ’ . . 

78-06 

75-50 

Oxygen ’ . . . . 

21-00 

23-20 

Argon ^ . . . . 

0-94 

1-30 

Carbon dioxide ® . 

0-03 

009 

Krypton ^ . 

0000005 


Xenon ^ . . . . 

0-0000006 


Neon ® . 

0-00123 

0-00086 

Helium ^ ... . 

0-00040 

0-000056 

Ammonia .... 

0-0004 to 0-0009 


Hydrogen . 

<0-0001 


Ozone and hydrogen peroxide . 

0-0025 



In addition to the foregoing, the following gases are usually 
present in variable but minute proportions—carbon monoxide, hydro¬ 
carbons, nitric acid, sulphur dioxide, sulphuric acid, hydrogen sulphide, 
mineral salts, organic matter. The amount of water-vapour in the 
air is extremely variable. 


^ RayleigE and Ramsay, Phil. Tram., 1895, i 86 , 187. 

^ Greek dpyov, inactive. 

toa! Travers Proc. Roy. 8oc., 1898, 62 , 316; 63 , 405. 437 : PMl Trans 

191 1 ,^ 103 ^ 24 ?^^’ Atmosphere (Macmillan. 1902); Moore. Cheni. 

’ 1896 , 

* Ramsay, Proc. Roy. Soc., 1908, 80 , [A], 599 . ^ 

^0 Qaude, Oompt. rend., 1909, 148 , 1454, 11 p 
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The mean composition of Paris air, freed from carbon dioxide and 
water-vapour, is given by Leduc ^ as follows : 


Gas. 

Per cent, by Volume. 

Per cent, by Weight. 

Nitrogen .... 

78-06 

75*49 

Oxyge^u. 

21-00 

23*21 

Argon ..... 

0-94 

1-30 

Neon ..... 

15x10-6 

8-4x10-6 

Helium .... 

5 X10-6 

0-7 X 10-6 

Ilydrogcai .... 

1 X10-6 

0-07x10-6 

Kry})toii .... 

5 X 10-6 

14 X 10-1® 

Xenon. 

6 X 10-6 

3 X 10-16 


Physiological Action of the Air. —As a general rule any harmful 
effect produced on man by air must be due to some foreign impurity in 
tlie air ; tlu‘ mixture of nitrogen and oxygen is an absolute necessity for 
prolonged (‘xistcncc. The fat of mammals, however, dissolves more 
than five times as mucli nitrogen as does an equal volume of water, and 
this fact may give rise to serious results with men working under con¬ 
ditions, for example, in caissons, in which the external atmospheric 
pressure undergoes sudden and considerable variations. If the reduction 
in pressure is too sudden the fat-containing tissues of the workers are 
liable to injury on account of the formation of gas bubbles.^ 

The Percentage of Oxygen in the Air. —Oxygen and nitrogen 
(with argon and tlie otlier inert gases) are the most constant constituents 
of tlic atmosi)here, and an estimation of their relative quantities in air 
which, if nee.c‘ssary, has been previously freed from carbon dioxide and 
moisture, may bci made either by gravimetric or volumetric methods. 
In 184d. Dumas and Boussingault ^ published the results of their classical 
(‘xperiments in which air, freed from moisture and carbon dioxide by 
passage over sulphuric acid and caustic potash respectively, was drawn 
through a tul)e of heated metallic copper into an evacuated metal globe 
of sevc‘ral litrc‘S (;apacity. From the increases in weight of the globe 
and tul)e containing the copper, the relative weights of nitrogen and 
oxygen wcTc ascertained, the mean results of six experiments being as 
follows : 

Weight of nitrogen ^ . . . . 76*995 

Weight of oxygen .... 23*005 


100*000 

^ Lcduc, Engineering, 1919, io8, 569. See also Krogh, Math. fysisJee Meddelelser, 
1919, i., No. 12. Eor a discussion of the chemical and geological history of the atmo¬ 
sphere, hoc Stevenson, rhil. Mag., 1900, [5], 50 , 312, 399; 1902, [ 6 ], 4 , 435; 1905, [ 6 ], 
9 , 88 ; 190(), [(){, II, 220. On the origin of the oxygen of the air, see Phipson, Cornet, 
rend., 1895, 121 , 719. 

2 Vernon, Proc. Roy. Roc., 1907, 79 , [B], 366. Twort and Hill, Proc. physiol. Soc., 
1910, v~vi. 

** Dumas and BouBsingault, Co7iipt. rend., 1841, 12 , 1005; Ann. Chirri. Phyi^., 1841, 
3, 257. 

^ Including, of course argon and the other inert gase.s, Avhich were unknown at the 
time. 
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July's inrllHHl tHHisisls ill lu-atiiu^ a spiral (A' (‘opprr wire to n*tliu‘ss, 
hy inraiis ut‘ ao firat rit* ^airnait, in a known volunn* of air. C'oppar 
is iornutLaiai i'nan tin- tiiniinnt i(ai in votuint* t hr rrlafiNa* pro* 
portions t4‘ o\y»‘iii aial niinkn'rn {iin’liniini*’ thr ima’l oasrs) an* readily 
ohtaineil. A tausvenn nf tnrm of iln* apparatus is shown tlia^p’ammati- 
<*alls in fiy. I'he niass yhihr A, etl' a|ipri»\i!natrjy 1(10 r.r. (‘apaeit v, 

is tilled with fito’e, dr\ air. I'm* from {‘arluHt and (aHnu'el(*d !’>v 

means of a eapillar) hi!»r to the eradnated luhe H eoiitaininea nu*renry 
seal. Aflii* !{h‘ \a4nme at atint>spheri(‘ pressnre has l>e(‘n noted, (’ is 
raistd nidil fie* air in II has hetai forts'd into A a.s indi<‘ated by tiie rise* of 
the na reur) in 11 i<» the slt»p eoek I). 'The* spiral of <'opp<*r wire in A 
is now la attd eh'etrn‘ail\ ui ortier to *'lix '* tin* o\v*(en, afti'r whi<*h 
the apparatus is alhoved to etjol and the residual \ ohime of nitrot^t*!! 
measured. 

(Hher methods eousjst in absorbing the tK\)“i(en by means of an 
alkaline solution of pyrouaih»P ; by means of phosphorus; or some 
otht'i' suitable reaifeid. In fspl !»uus< u. usiu<^ bis v«jlumetri(‘ or 
iiitlioiiitirii' * uiethud, etiuhrmed the (jbservation of (‘a\'eudish, that the 
air has not always the same eumposilion. d'his was furlla’r illustrated 
hv !b|(uault,*^ wiio analyseti air from a number of Itaadities, with tin* 
billow int^ result s : ^ 


1 *|}ly. 

N‘“, “f SiOfiplr i. 

t’otremr Pen’entn|i;eH 
of ()\y|.««'ii by \ 7 tlium* 

Lyons, ..... 

n 

aa-iUH *io*lnHJ 

Ht'iiin. ..... 

an 

‘jO'iHKs 2 (nu<m 

Madrid ..... 

lU 

2 udMh ‘imang 

Oeneva and Cdianmumx 

an 

20 tHH) 

IMnlott Hoaels ami "^lediti-rranean . 

17 

2 (b!U 2 2 ()'aH 2 

Atlantie th’ean .... 

0 


Keuadiir ..... 

■*,> 

2 (M)d 

Simmul of Piehmelia 

*# 

2 (Mtlit 2 (l*hHH 

Ant are! ie Seas , . . , 

•ft 

20 * 8(1 20*0 !• 


I)altom‘* who alwa\'s iiiniutaiurd that air was not^ a i‘«au|)ound but 
a mixture, sui^fe'sted I fiat, sinee nitiajoi-n is flu’ lif^hter ‘(us, the pro|HH‘- 
tioa of this eas tti o\yi 4 en ouidd to imaa-ase with t!ie altitmle. This 
expeetatioii w*as borne out soiiH' ei||bty years lat<*r by the r(*searc*hes 
(»f .\Iorleyd^ extemliuii iViUn Junimry IHHO to April IHHI, at, Iludsom 
Ohio, I AS. A. It was idasetweil that severe* depressions of ft*mpernt.ur<! 
Were eoniieeted with tlie ileseenl tif cold air from very high altitudes, 
and tliai the proportion ori^sygen was usually .slightly less than normab 

^ 48* 2(KMI; llfairirh tuid Ivilha, Zeitnek, IllUh 

29, Mil. 

Urrrk fin Hipi mrirtm, iiieiwims 

^ Itt'ifreiiilt, /Ilift, iiiim. 36, 3Hfi, 

* lAkrii fr«aii ntnl SeliMrIetmiier* VnutiMf. tm VhrmiMift/t v<»I. i* |i. f»Hll (MtiC* 

iiillliiii, llUh%i 

" ihliif'lirislrr Mrmtfii'Hf Vu|. i., p. 

* Mciflev. ..4«irr, J. IHHI. 23. 4i7 1 AVim, 




162 


OXYGEN. 


Owing to the intermixing of volumes of air by tlu^ winds it is c^x- 
tremely unlikely that any appreciable difference can (\xist in tlu^ pro¬ 
portions of oxygen and nitrogen due to elevation aloiu^d althoiigli 
indications are not wanting tha,t at the highest altitudes tlu‘ pc‘r(‘entage 
of oxygen is slightly reduced. This is evident from tlu^ a,eeoiti})anying 
table in which are given the results obtained by Lediic.**^ At an altitmcU^ 
of 2060 metres on the Alps descending currents of air (‘ontained lu^arly 
0-2 per cent, less of oxygen than did ascending currents the following 
day. The same table shows a slight increase of oxygen in sumnuu’ 
over that of winter and spring. 


PERCENTAGE OF OXYGEN IN THE AIR. 


Locality. 

Oxygen per cent, by Weight. 

Sorbonne . 

Paris 

Nice, Nimes, Algiers . 
Dieppe 

Belgian Frontier 

Alps (2060 metres) 

23-14 to 23-20 

23-20 

23-23 

f 23-16 (July) 

1 23-07 (April) 

J 23-17 (summer) 

\23-09 (winter) 

23-05 (desceiuling air curixails) 

23-23 (ascending air currcaits) 


The proportion of oxygen appears to vary sonunvhat with tin* 
latitude, there being—if Hempel’s analyses may be regarded as typi<*al 
rather less oxygen in the tropics and more in nortlua-n latitudes than in 
temperate regions.^ 


VARIATION IN OXYGEN PERCENTAGE WITH 
LATITUDE. 


Locality. 

Latitude. 

Mean Perc(uitag(s of 
Oxygen by Volumes 

Tromsoe (Norway) 

69° 40' N. 

20-92 

Dresden (Saxony) . 

51° 30' N. 

20-90 

Para (Brazil) 

1° 27' S. 

20-89 


Not merely does the proportion of oxygen vary from placK' to plac-i-. 
it also varies at one and the same place from time to time. TIius Ltwy ^ 


1 Gay-Lussac, Thenard, Brunner, Frankland (Trans. Chem. Soc.. 1861 '^‘>1 and 

1460) could detect no appreciable difference at elevaticmsTanging 
up to 7000 metres above sea-level. »***» 

2 Leduc, Compt. rend., 1893, 117 , 1072. 

3 Hempel, J5er., 1885, 18 , 267, 1800; 1887, 20 , 1864 

« Levy, J. pralct. Ohem., 1851. 54 , 253; Phil. Maa.. 1851. 141 v .wi 
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found that after great forest conflagrations the air of New Granada 
underwent remarkable changes, the oxygen-content falling from about 
21-()1 to 20*33 ])er cent. Such a variation is decidedly abnormal, but 
in volcanic districts is perhaps more frequent than is generally known. 

The following data, compiled from the researches^ of a variety of 
investigators in dilTc^reut localities, will serve to indicate the results 
usually obtaimal. 


OXYGEN PERCENTAGE AT VARIOUS LOCALITIES. 


Locality, 

Authority. 

No, of 
Analyses. 

V oliime Percentage 
of Oxygen. 

Heidelberg . 

Bunsen .... 

28 

20-84 -20-97 

Manchester . 

Angus Sinitli O/i Air and 




Rain (Longmans, 1872) 

32 

20*78 -21*02 

Bonn . 

Kreiisler {Ber., 1887, 20, 




001) .... 

45 

20-901-20-939 

Cape Horn . 

Muntz and Aubiu (Conipt, 
read,, 1886, 102 , 422) . 

20 

20-72 -20-97 

(Teveland, 



Olno 

Morky {loc. eU.) 

45 

20-90 -20-95 

Genc‘va 

Watson {Trans, Chen). 




Soe.„ 1011, 99, 1460) . 

4 

20-93 -20-98 


The nu^an pcTCcavtage of oxygen in the air may be taken as 21*00 
by volume* and 23*20 by w(‘ight.^ 

Physiological Importance of Oxygen in Air. —It has already 
been nu^ntioned (sec^ p. 131) that the chief physiological function of 
oxygen is to a(‘rat(‘ tin* systcau and thereby ensure the removal of waste 
material in the Ibrni ()1‘ carbon dioxide, which escapes into the air 
through thc‘ lungs. The* oxidation processes involved cause considerable 
heat evolution, and it is through tliis means that the body temperature 
is maintained, Eertludot concluded that six-sevenths of the heat 
develo))(‘d by lasspiration is lib(‘rated in various parts of the body other 
than tlie lungs, onc^-scnnmth only being liberated in the lungs. This 
pulmoiuuy h(‘a,t was found to be* almost completely compensated by 
the* absorption of lu‘at due to liberation of carbon dioxide and water. 
It u'ould a;pp(‘ar, tluu'efon*, that Uj)on the temperature of the inspired 
air would (lepcaul wlutluT or not the lung temperature rises. In 
any case tlu^ variation would be small. 

Respired air is saturated witli moisture, after removal of which 
it contains nornially soim* 4 per cent, of carbon dioxide and 16 to 17 per 
cent, of oxygen. Thc^sc* amounts vary both with the individual and with 
circumstances. Thus Thomson ^ Ibund that the expired air of the 
average Manclu^stcT (atizcai contained 4 per cent, of carbon dioxide, 
wli(‘r(*as an average of 5 })(‘r cent, was observed in country districts, 

^ Lcfluc, (JontpL rond.^ 189(), 123 , BOi). 

‘-i Hertbelot, ibid,, lS9(t 109 , 770. 

'* W. Thomson, VIl. Inter, Oongr, Appl, Chem,, 1909, sec. viii., [A], 154. 
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reaching to 5*4 per cent, on high ground near Buxton. Under normal 
conditions the rate of breathing is subconsciously regulated so that the 
proportion of carbon dioxide in the arterial blood leaving the lungs 
contains a definite equilibrium pressure of carbon dioxide. A very 
slight increase in the amount of carbon dioxide excites the nervous 
centre controlling the breathing and stimulates respiration. Hence, 
during physical exercise or in cold weather,^ when more carbon dioxide 
is being produced, the proportion of this gas in expired air remains 
substantially the same, but the volume of air passing through the lungs 
increases proportionately, the breathing being deeper and more rapid. 

During sleep, when both mental and physical activity are at a 
minimum, the amount of carbon dioxide produced is less than normal,- 
and the rate of breathing is proportionately reduced.^ 

When at rest, the average man consumes some 18 litres of oxygen 
per hour, an amount which may increase to 60 litres when walking at 
about three miles per hour, whilst in cases of more violent exercise such 
as running or jumping even 100 litres ma}^ not be quite sufficient. 

The Physiological Influence of Excess of Oxygen. —This has been made 
the subject of a considerable number of researches, and the conclusions 
arrived at by different investigators are reasonably concordant. It 
would appear ^ from experiments on the cat and on man that the 
inhalation of pure oxygen does not materially augment the quantity 
of that gas in the blood, nor affect its average carbon dioxide content. 
Again,^ in a series of experiments on men at rest, performed some 
twelve hours after the last meal, no noticeable difference could be 
detected, either in the gaseous metabolism or in the character, depth, 
or frequency of respiration when the men breathed air containing 40, 
60, and 90 per cent, of oxygen. The only difference that could be 
detected lay in the pulse rate which fell as the percentage of oxygen 
rose. It is very important to remember, however, that these experi¬ 
ments were only conducted for relatively short periods of time, and it 
has yet to be discovered whether or not a permanent increase in the 
percentage of oxygen in inspired air would have an influence upon the 
s^^stem in the long run. Thus J. L. Smith,^ in 1899, drew attention 
to the fact that oxygen, at the tension of the normal atmosphere, 
stimulates the lung cells to active absorption ; but his experiments on 
mice indicated that at higher tensions inflammation might be produced. 

The Physiological Influence of Reduced Oxygen Tension.—Th^ effect 
upon respiration of a reduced oxygen tension is one of much greater 
importance from a practical point of view than the problem just con¬ 
sidered, inasmuch as the main difficulty in practice lies not in reducing 
the amount of oxygen in buildings, but in raising it to the normal. It 


1 MokejTmt;. M de L. Fredericq, Li4ge, 1901, 6 , 183) found that a fall of tempera¬ 
ture from wl G 10 0 C. results in the production of an increased amount of carbon di¬ 
oxide. Above 21 C. there is also an increase, but it is not so marked. 

. K (Compt. rend,, 1887, 105 , 1124) sleep reduces the 

carbon dioxide output by one-fifth and the oxygen intake by one-tenth 
3 G. A. Buckmaster and J. A. Gardner, Proc. Boy, /Soc , 1912 [Bl 56 

^ 1 ^ 11 ; 28,1 See also J. Loeb 

Hill J- Macleod, Proc. 
Elack, Proc. Physiol. Soc., 1909, xxviii. to 
» W. Th(^son, loc. cit ; A. Excise, Trav. lab. de L. Fredericq, Liege, 1901, 6 , 135 • 
P. von Terray, Pflugers Archiv., 1896, 65 , 293. ^ ^ ’ 

® J. L. Smith, J. Physiol., 1899, 24 , 19. 
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is thus of the greatest importance to determine ^vhether or not 21 per 
cent, of oxygen is essential to vigorous human life, and if not, what is 
tlie minimum amount of oxygen that may be safely permitted. A 
moment’s consideration will show tliat no‘perfectly exact answer, at 
any rate to the second ol these problems, can be arrived at, for not only 
do the needs of different persons vary, but those of the same individual 
are likewise inllueneed by the state of health and extent of physical 
and mental activity at the time of experiment. Further, after prolonged 
exposure to certain abnormal conditions, unless these latter are too 
scva‘rc‘, the body adapts itself to meet the new requirements. Thus 
persons who habitually live in ill-ventilated buildings are much less 
affectctl on any particular occasion than those who enter such buildings 
aftci* a life in the open. This adaptive tendency is extremely well 
illustrated by tlie researches of Douglas, Haldane, Henderson, and 
Schneidcu',^ wlio stayed at Pike’s Peak, Colorado, for five weeks at an 
altitude' of 1 isOOO feet, the barometer standing at 45*7 cm. A careful 
study of their i)ersons showed that they gradually became accustomed 
to tlie altered (*onditions, except that hypcr})noea upon exertion lasted 
longer than usual. 

The reduced tension of the oxygen was counteracted— 

1. By increased lung ventilation. 

2. A considerable increase in the red corpuscles and hiemoglobin of 
the. blood, tlie extent of which, however, varied with the individual. 
The volume of the blood likeAvise increased slightly, except during the 
lirst week. 

;3. Finally, an increased secretory activity of the pulmonary 
c'pithelium was observed. 

Inasmucli as all these adaptations take considerable time to develop, 
they would not occur in rapid balloon or aeroplane ascents. On coming 
down from Pike’s Pc'ak, the normal state of the body began to assert 
itself, and in the course of four weeks all traces of the change had 
disappeared. 

'riicrc' is abundant evidence to show that the percentage of oxygen 
in the air may be reduced very considerably without producing any 
unpleasant symptoms. Dr. VVhalley, in his report on the ventilation of 
S(‘ottish coal mines, alludes to one in which considerable quantities of 
blacik-damp were evolved. “ A light,” he writes, would not burn 
1| feet from the door . . . but the men had no fault to find with the 
atmosphere, and the foreman told me it was better than usual.” Upon 
analysis, the air on the pavement was found to contain onty 13T3 per 
cent, of oxygen, and that at the coal face 18-97 per cent. Valenzuela ^ 
causcid his consumptive patients to breathe an artificial atmosphere, 
containing only 17 per cent, of oxygen, and noted that this exerted a 
marked stimulating action upon respiration, increasing the chest 
expansion, and libcTation of carbon dioxide, whilst the nutrition was not 
adversely affected. This apparently indicates that in a normal atmo¬ 
sphere we consume more oxygen than we need, just as we ordinarily 
partake of more food than is really necessary. In the case of a person 

1 C. (J. Douglas, J. 8 . Haldane, Y. Henderson, and E, Schneider, Proc. Boy. Soc., 

1912, [BJ, 85 , 65 ; E. 0. Schneider, Avier. J. Physiol, 1913, 32 , 295, has recently jjublished 
further data on similar lines. . 

2 Quoted by J. Harger, Goal and the Prevention of Explosiom, e^c..(Longmans & to., 

1913), p. 41. 
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at rest, the percentage of oxygen may be reduced to 11 without anythix^-^ 
very unusual being experienced,^ and the respiratory exchange remaiixs 
the same.^ Below 10-5 per cent, the body loses its compensatory powex", 
and the amount of carbon dioxide increases.^ The breathing no'vv 
becomes deeper and slightly laboured. By reducing the supply to ^ 
per cent., the face becomes leaden in hue, and the senses deadened, axxci 
a further slight reduction results in sudden loss of consciousness.^ 

Closely connected but not absolutely identical with this problem, ox 
the minimum partial pressure of oxygen in the atmosphere is that of tlxo 
effect of reducing the total pressure of the air.^ This, for example, 
experienced in balloon ascents and in mountaineering. The avera^go 
individual does not feel himself inconvenienced at an altitude of 9000 
feet, in which circumstances the barometer stands at approximately 
50 cm., and the pressure of oxygen is correspondingly reduced to aboxit 
14 per cent, of an ordinary atmosphere. Above this altitude the avex'-^ 
age European begins to observe something peculiar during periods ol 
physical exertion, and at 14,000 feet the effect is very marked, tlxo 
amount of oxygen being equivalent to that of about 12 per cent, 
an ordinary atmosphere at sea-level. 

In view of the foregoing, it would aj^pear that 11 per cent of 
is the lowest limit to which it is safe to go. Below this the air is dangero'hcs^ 
ayid at 7 per cent, may prove fatal. 

When taking physical exercise, however, these limits arc probat>ly 
too low for the average person, and 14 per cent, of oxygen may then 
taken as the lowest that can be breathed with safety. 

The greatest height ever reached by an investigator in a ballooix i»s 
probably that attained by Berson and Siiring in July 1901, namely, 
35,400 feet (10,789 metres), although in 1862 Glaisher and Cox^^'ell 
ascended over Wolverhampton to about 29,000 feet, when they becaxxxo 
unconscious and are believed to have risen to nearly 36,000 feet for xx 
short time. The two greatest heights recorded for aeroplanes are thoso 
of Rohlfs, who, in September 1919, ascended to about 32,418 foot 
(9880*5 metres), and of Schroeder, in February 1920, who reaclxocl 
approximately 31,184 feet (9505 metres).® 

Carbon Dioxide in the Air. —It is to Dr. Black that we owe the fir*J:i‘t 
proof of the existence of carbon dioxide in the air, during the ycxxrn 
1752-1754.’ He termed it fixed air. Lavoisier, however, showed tlitx t 
it was a compound of oxygen and carbon. 

1 Haldane and his co-workers, J. Physiol., 1905, 32 , 225, 486. 

2 J. Tissot, Gompt. rend., 1904, 138 , 1454. 

® P. von Terray, Pfingers Archiv., 1896, 65 , 393. 

^ The rapidity with, which loss of consciousness sets in constitutes one of the 
that the diver has to face when w^orking under water in an artificial atmosphere. "Wlioii. 
Lieutenant Damant was testing the Pleuss apparatus for the Admiralty Commi-feiioo, 
and was deep under water, he suddenly swooned, owing to the fact that he had unwittixxgly 
allowed the oxygen percentage to fall too low. Only the prompt application of artifioiii,! 
respiration saved his life. See Martin, Trimnphs ‘and Wonders of Modern Chenh'i&tT'^ 
(Sampson Low), p. 177. 

^ Many writers regard these two phenomena as identical, and from the point of -v^iei w 
of respiration this is probably sufficiently near the truth. The personal equation, of 
persons experimented upon varies so much that such exact results cannot be obtaiixodl, 
as is possible with analogous combustion experiments like the burning of a candle, etc. 

® M‘Adie, Nature, 1920, 105 , 437. 

’ And not to M‘Bride as Thorpe {J. Chem. Soc., 1867, 20 , 189) and Symons 
Stephens {Trans. Chem. Soc., 1896, 69 , 869), stated. See preface to Lectures on, t/h€^ 
Elements of Chemistry, by Jos. Black (Edffibro. 1803), p. yyiit. 
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TIk‘ a(‘tuid prc)|Ha'tioii iT (‘arln^n (iit>xi<Ir iu tlu‘ air varies very 
eonsitieraldy aeeontiu^ !<» <‘inauustaiu*es. \\“halii‘y reportt‘il that in a 
Scottish niiiu* the* (*arl>un <ii(»xi<ic‘ in tlu' air ntuir the <’oaI face reached 
1-21 |H'r eent.> whilst un tiu pavi*mcnt it was no lt‘ss tlnm 4*50 {)er 
cent. Lew\d in ihseussiriir the ahiua-nial air (O' Xew (h’auada, points 
out that tnvin^^ fort'st tiros the piTcc-ntat^e i>f ear!)on <lioxidi* in the 
air woiild i^tten risr to o* tO p<-r cent. These <'ases. howt*vt*r, arc 
ahnonnal. 

The averat^a* amount of i*arhon dioxitle in pure, IVesh air nuiy be 
taken as «l parts per IU,Utm by \ohuue. 'riiis is stthjec't, huw(*vei% to 
alti'ration by a variety faetiirs. 'rinis over land it inert*ases .sli|^ditly 
during tin* night,^ and it is somewhat greater over land than over sea.^ 
In Autaretic‘ regi<»ns it is h-ss than in imu'e* temperate elim(*s;^ Fog and 
mist likiwvise play an important |»nrt. Angus Smith/* in liis summary 
of the then availahle data, sluavtsl that the a\erage <*nrbon dioxide 
(Hintent of Manehester air m tunes of tug ammmti'd to (>*79 parts p(*r 
KktHKK the normal amount fm* Manehester feeing t-*00. Similarly^ 
HusselP^ ohserwa! as nmeh as I PI parts of i*arbi»n dioxide in 10,000 of 
air iu tliii’k, white Lomlttn tog. Indeeil, his a\i*rage for tw“enty-uim‘ 
fogs was 7*2, wliilst hn* ia'thnarv <*lenr bomlon air la* haind only Pit parts. 
Hain is ae<*ompauied liy a diminution of t‘arbun dioxitle, lad witli 
snow tlii’ gas is in ext'ess. Its \ariatiou with altitude is ap|>ureutly 
inappreeiuble,^ but the mideiiee of the efh'et of latitude is eoidlietiug. 

(‘onsiderablt* \arinti<ai may be dm* to hu’al ianaimstances. dims 
Heiset found tliat the pre-senet* of a lloi'k of 0t)t) sht*<‘p on a hm*, euhn day 
iu Dieppe indmaai a m»tablt' rise in tin* proportion of earhon dioxide 
in tlie immediate neigldaairliooil, which registered <MH [airts pi*r 
lOdKH) insteati id' g lMt the mwmal \ alue for l)ie(»pi% Tin* intluemn* of 
vegetation upon tlie earhon dioxide eoideld of the air has not received 
tire consideration it desrr\es, although a h*w isolated ex|H‘riments have 
been earricil out. Kbcrmayer,^ for example, fouml an eX(H*ss of tin* gas 
in tlie forest, a result that emdirmed the earlier observation of Truelud.^ 
In c’onlimat s|mees, such us dwellings. Die enrlion tlioxide shows a marked 
increase owing It* its bring a pnaluet of human metabolism, and may 
reindi 0*5 pi*r rent. 

A <*onneetion 1ms been traced betwm n Da* relative amounts of cairlnm 
dioxide ami o/ame in the atmospla’re, the amount td'Die former varying 
inversely walh that of Die latter for values below Die normal. 

In thi’ following tidih* are listeil a f<‘W‘ «d* the more important and 
recent delermiiiatmils id' tin* amount of carbon dioxide in the 
ntmosplau’c. 

^ Dmy, i'hrm.^ IhUI, «rnl ; VhfL tHfd, f4j, 500. 

^ 7'lii» diiiriiitl pi in'ghijjility ^aaill ur n*»it-pxwteta. ever flip wst, 'riair|Hx 

J. I7irr«. tHfl", ao, tHII. HinmU, iHlil, 5, 100. roal., 

IH 7 IX 8 S, 1007 ; ISXII, fix I Ml, 1157 , 

^ 3 Hep die r,s,rel|riif. rtiifiipiitrv wtili full rcfef*aa?c« hy Dd-lH lual lllitkc, i*me, litcy. 

ihMn twill tffO:*, *1,, ni7 270, 

^ Miliaftiid Dorns o-fid.. tlHI, 153. U 10. MiiiU/, laul Ayhiii, 

IHHI. 1)3, 217, 1220, IHHI, f)j, 707 ; tMH2, 04 /tnrd ; IHHU, 96 . 111X1; IHWl, 98 , 4H7, 

^ Hiiiiflt, Air t$mi /7#fin, 1872). 

* Hrr liaii«dr,i4 m-Mfk in the Wtttihtr Ht'jimrtMuJ ikt: Mri> t*«#«««*/, 1S84 

‘ M. 4 « Ttiierry, Ttmipi, rrmL, IWHI, 139, IHh, 

Klu’^riiiiiyer, IHt' BrMtht^rnhr^i tirr WitUluftt Statl^snl* ISSIS 

® Trtirliet, lH77, j, 00 . 

iirnriel IlmtVisitS", mi#/., lOOH, 146 , 077, 
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CARBON DIOXIDE IN THE ATMOSPHERE. 



Observation. 

Locality. 

Parts of Carbon Dioxide 
by Volume in 10,000 Parts 


of Air. 

Near Dieppe. 

2-942 (mean of 92 determina- 

tions) .... 

Liittich 

3-3526 (mean of 266 analyses) 

Country air . 

2-944 (mean) 

(Belgium) 

In town of Gemb- 

3-70 (mean) 

loux, Belgium. 
Sheffield 

3-9 (mean of numerous do- 


terminations in centre of 
city). 

1 ^ miles west from 
centre of Sheffield 
Mt. Blanc : ' 

3-27 (mean) 

Altitude, 1080 m. 

2-62 ... 'I 

Altitude, 3050 m. 

2-69 . . . .1 

Belfast 

2-91 (mean of 46 determina¬ 


tions) .... 

Kew . 

2-43 to 3-60 (minimum and 
maximum of numerous de¬ 
terminations during 1898 
to 1901). 

Monte \'ideo 

2-70 to 3-30 (mean value, 


2-98) .... 

Antarctic air over 

2-05. 

I sea, lat. 64°-67'^ 


1 

j Bucharest 
[ 

j 3-02 (in the city) . \ 

\ 2-81 (surrounding iilain) ( 


Aiithoritiy. 


,J. Heiset, Conipt. 1870, 88 , 

1007 ; 1880, 90 , 1144, U57. 

Spring and Roland, Cham. ZiOitr., 
1886, p. 81. 

A. Peterman and J. Graftiaii, 
Cham.. Zenir., 1802, ii., 201. 

A. Peterman and J. Graftian, 
Cham. Zenir., 1892, ii., 201. 

W. C. Williams, Bar., 1807, 30 , 
1450. 

W. C. Williams, Bar., 1897, 30 , 
1450. 

M. de Pliicrry, (.'ompt. rend., 
1899, 129 , 315. 

Letts and Blake, Sci. Pror. Hon. 
Dub. Soc., 1900, 9 , part 2, 
pp. 107-270. 

H. T. Brown and P. Pseonibe, 
Froo. Hoy. Hoc., 1905, fB), yO, 
118. 

Schroder, Chem. Zeitumj, 1911, 

35 , 

Miintz and Laino, Com pi. rend., 
1911, 153 , 

St. Minovici and Grozcu, Hci. 
Roumanie, 1914, 2 , 275. 


The Source of Atnto 6 ‘ 2 )heric Carbon Dioxide-- It is not generally 
realised that 3 }3arts of carbon dioxide in 10,000 of air amount to a total 
weight of 3 billion tons of gas in the whole atmosphere surrounding tlic 
globe, and correspond to the presence of 0-8 billion tons of carbon.^ 
Enormous quantities are evolved from volcanoes^ and mineral springs.^ 
Boussingault ^ calculated in 1844 that Cotopaxi alone emitted more 
carbon dioxide than the whole of Paris, which at that time gave up daily 
some 3 million cubic metres of the gas. The persistent respiration of 
human beings,^ of animals, and of plants, the combustion of ever- 
increasmg quantities of fuel,® and the decay of vegetation and 


^ Seep. 192. A. Krogh {Meddeleleser om Groenland, 1904, 26 , 419) gives 2-4x10*“ 
tons of carbon dioxide; van Hise {Mon. U.S. Geol. Survey, 1904, 47 , 967) and Dittmar 
{Challenger Report, vol. i., part 2, p. 954) give hgiires of the same order; Chamberlin 
(J. GcoL, 1899, 7 , 682) gives a somewhat higher estimate. 

2 See Meunier, Compt. rend., 1878, 87 , 541, etc. 

* See Varigny, Air and Life, Smithsonian Miscellaneous Collections. 

* Boussingault, Ann. Ohirn. Phys., series iii., 1844, 10 , 456. 

^ It has been calculated that the human race breathes about one million tons of carbon 
dioxide into the air daily. 

® The estimated world’s consumption of coal in 1912 was 1200 million tons. This 
mostly finds its way into the air as carbon dioxide. 
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carbonaceous material are constantly adding to the carbon dioxide 
content of the air. 

The soil is continually evolving carbon dioxide ; part of this is no 
doubt of volcanic origin, and part is due to chemical processes of a more 
superficial character. As an instance of the former, it is interesting to 
note that after eruptions of Vesuvius the soil has breathed out such vast 
quantities of carbon dioxide that game have been poisoned wholesale. 
The famous Valley of Death in Java, the Death Gulch of Western 
America, the Grotto del Cane near Naples, and others, owe their poisonous 
atmospheres to carbon dioxide exhaled by the soil. 

It has been calculated that each square mile of fertile garden soil 
evolves some 4000 tons of carbon dioxide during the summer months. 
This is due to the decay of vegetation and organic matter, as well as 
to the continued respiration of small creatures. Thus, for example,^ 
earth-worms breathe out as much carbon dioxide as a human being, 
Aveight for weight. 

Nevertheless, the carbon dioxide content of fresh air remains fairly 
constant at 0*03 per cent., a fact which suggests that some reactions 
must be proceeding on a grand scale, tending to absorb or destroy the 
gas. Three such have been discovered. First there is the action of 
})lants,^ the green parts of which under the influence of sunlight inhale 
carbon dioxide and exhale pure oxygen. As illustrating this it may be 
mentioned that one square metre of leaf surface of Catalpa bigiionoides in 
full sunlight is capable of assimilating 344*8 c.c. of carbon dioxide in a 
single hour.^ When the vast amount of foliage in tropical and temperate 
climes is considered, it can readily be imagined that this plays no 
small part in the reoxygenation of the atmosphere ,* indeed it has been 
calculated^, that leaf action alone would sulfice for the purpose. There 
can be no doubt that the amount and luxuriance of vegetation does 
respond within certain limits to the amount of carbon dioxide in the 
atmosphere,^ and existing coallields probably represent Nature’s attempt 
to reduce the percentage of this gas by locking it up as carbon beneath 
the crust of the earth.® 

A second important regulator of the atmospheric carbon dioxide is 
to be found in the rocks of the earth’s crust. T. C. Chamberlin^ 
calculates that the carbon locked up in the sedimentary rocks of the 
earth’s crust is 30,000 times as much as is now existing in the air, and he 
further estimates that 1620 million tons of carbon dioxide are being 

^ Friend, Science, Progress, 1912, 6 , 393. See also von Fodor, Hygienische Unier- 
sachungen iiher Luft, Boden und Wasser (Viewig, 1882). 

2 We owe the discovery of this fact to Priestley in 1771, but Ingen-Housz was the 
first to sFow that light was essential to the process. See Ingen-Housz, Annales de Physique, 
1784, 24 , 44 . ^ H. T. Brown, Nature, 1899, 60 , 479. 

4 E. H. Cook, Phil Mag., 5th series, 1882, 14 , 387. 

See the researches of Deherin and Maquerine ; E. C. Teodoresco, Rev. Gen. BoL, 
1899, 2 ; J. B. Farmer and S. E. Chandles, Proc. Roy. Soc., 1902, 70 , 413 ; H. T. Brown 
and F. Esmmhe,nbid., 1902, 70 , 397 ; 1905, 76 , 118; E. Demoussy, Comgyt. rend., 1903, 
136 , 346 ; from which it appears the rate by assimilation of plants is within small limits 
])roportional to the partial pressure of carbon dioxide; but if the latter gas is present 
in very great excess the leaves curl as if to avoid assimilating toot much. According to 
Godlewsld, the Polish botanist, assimilation reaches a maximum in the case of Glyceria 
Spectahilia with 9 per cent, of carbon dioxide. A further increase of the gas decreased 
the assimilation again. The maximum varies for different plants. 

® Letts and Blake, Proc. Roy. Dublin 80 c., 1899-1902, 9 , 162. 

^ T. C. Chamberlin, J. Oeol, 1899, 7 , 682. 
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annually withdrawn from the air in the course of building up new 
sedimentar}?^ rocks. 

Finally, the ocean serves as a vast regulator, as was first pointed out 
by Peligot ^ in 1855. Rain-water dissolves carbon dioxide from the air,^ 
and on reaching the soil absorbs yet more, both in the free state and in 
combination as carbonates. The streams and rivers earry this away 
and discharge it into the sea.^ There can be no doubt that each of these 
factors plays an important part in regulating the composition of the air, 
but the actual share borne by each will vary according to circumstances. 

Estimation of Atmospheric Carbon Dioxide. —A convenient method 
is that of Pettenkofer,^ which consists in introducing a standard solution 
of barium hydroxide into a large bottle containing several litres of the 
air to be examined. The bottle is shaken from time to time to keep the 
sides moistened with the solution, and after 5 or 6 hours the absorption 
of carbon dioxide may be regarded as complete. The baryta solution 
is decanted into a small stoppered bottle and allowed to stand until any 
suspended barium carbonate has settled. A portion of the clear liquid 
is then removed and titrated with dilute sulphuric acid, using phenol- 
phthalein as indicator. The diminution in alkalinity due to combination 
with carbonic acid is thus measured, and from the data obtained the 
percentage of carbon dioxide in the atmosphere may easily be calculated. 

The results obtained are frequently irregular and invariably indicate 
too high a percentage of carbon dioxide in consequence of the absorption 
of expired air from the operator during the titration. To obtain 
accurate results many precautions must be observed.^ 

Carbon dioxide may also be estimated volumetrically by absorp¬ 
tion in concentrated potassium hydroxide solution from a volume of 
air. The diminution in volume is noted by direct measuring, and results 
of considerable accuracy can be obtained in this manner within a very 
few minutes.® 

Gravimetric methods are, in general, more accurate, but require a 
considerable amount of apparatus, and take a longer time to execute. 
The simplest method ’ consists in slowly aspirating some 40 litres of air 
over caustic potash contained in U-tubes and noting the increase in 
weight. The air must first be dried by passage over concentrated 
sulphuric acid, which simultaneously removes any ammonia. 

The Physiological Significance of Carbon Dioxide. —Carbon dioxide is a 
colourless, almost tasteless, and odourless gas, and it is consequently 
impossible by the unaided senses alone to detect its presence in the air. 
The odour of respired air is not due to carbon dioxide, but to other gases ac¬ 
companying it, and the close, stuffy effect of ill-ventilated buildings is due 
to the same cause. From a physiological point of view, carbon dioxide 
is of as much direct importance to us as to our complementary organisms, 
the plants. “ A certain percentage of carbon dioxide in the atmosphere 

^ Peligot, Ann. Ghhn. Phys., 1855, [3], 44 , 257. 

2 Both Levy and Fodor in their extensive researches found that after rain the carbon 
dioxide content of the air was reduced temporarily, showing it had dissolved in the rain. 

3 Schloesing, Compt rend., 1880, 90 , 1410. See also ibid., 1872, 74 , 1552 : 1872, 75 , 
70 ; Miintz and Lain 6 , ibid., 1911, 153 , 1116. 

^ Pettenkofer, J. Chem. Soc., 1858, ii, 292. 

® See Blochmann, Annalen, 1887, 237 , 39 ; Letts and Blake, loc. cit. ; Walker, Trans. 
Chem. Soc., 1900, 77 , 1110. 

® See Haldane, j. Hygiene, 1901, i, 109. 

Saussure, Pogg. Annalen, 1830, 19 , 391. 
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is (‘sstiitial to our very existcuco IVoiu inimitt* to minute ; not only is it 
tlu‘ iioruiai stimulus to tin* respiratory vvn\n\ hut it; assists in the 
up of oxyhaauoirlohiu m tin* tissues. If an animal is made to 
hn‘athi* a i*arhou (iit>xidf fret' atmosphere, the normal eireulatiug earhoii 
dii»xidr in its hitmd is iSHlueed, and then* arist's aftc'i* a linu* a (‘ouditiou 
known as avapiutt, in whieh tin* r(‘s{)iraiory et*ntre ^ missing* its 
eusttanary fillip i(oes on slrik<*, slops hr<*athin|^, and t he* result may be 
fatal; isstore, liowe\t*r, tin* dtn* [proportion of (‘arhon dioxide and the 
hreatiuniif is resunu'd. “ in otlu‘r waprds, tin* animal organism is so 
aecmstiPined to l>re,’dhe air eontaining trae(*s of earhon dioxide that it 
tsmnol do wit Input it. 

It is i’qualls' trui- that an <’X<‘ess of earhon dioxide is fatal to human 
life, altln»ugh it is dillienlt to determine tin* exa(*t aniomd- that is so, 
inasmiieh as it varies with a numher of fa<*lors, su<*h as the lu*alth aiul 
individualit) of t he [htsoiu ami t in* time during whieh t in* gas is ins[)ired.^ 
In breweries and minei*al \vater faetories large* epimdities of tin* gas are 
regularly inhaled by t he nn‘U. H(‘adnell meut ions t hat ‘iO per cent, of ])ur(‘ 
earhon elioxitie has liren itdialetl for three* hours wilhoid fatal re'sults.'^ 
On the other hand, txirbon dioxieh* frtan a <*andle or gas llann* is harmful 
at mueh smaller (*oneetdratitms,*’ Possibly this is dm* to tin* relativc‘ly 
large atinpunt of moisture sinmlhmetpusly prodtieed, for (iraiidisd* in a 
si’i'ies of ('Xpe riments made upon the vetnms blood (akt*n from the* jugular 
Vi’itt of a depg, siupws that dry air is ('apable of taking u]> more* (‘arhon 
dioxide from hlePod than <lamp air, C’onse([U(‘ntly, tin* lungs arc* l(‘ss 
t*asily r(*lievril iti moist air, ainl tin* preseuee* of <‘arhon dioxide* in tluJ 
ins[pired air must have* a pniportioimte'ly more hanelul inlhu‘uei*. In I89il 
Knpneeker and Jordi ^ puhlislied an m’eounl of an int(‘r(*sling s(*ries of (*x- 
periments [a rhirnied tpn tliemsehus with the direct ohjeet of determinitig 
how nnn*h earhon dioxide enn he hreathed with impunity in inspirc*d air. 
Tile gusetms mixture was (’ontaiued in a gas holder of tO litnss c*aj)acity. 
It was ohservi'd flint a mixtun* <pf equal [larts of air and ('arlxpu dioxidci 
ri’udii'ed hreutliing impossible hy eausing spasms of the glottis. Thirty 
percent, ipf earhon tli<»xide on being hreatlu‘(I for a minute* (‘hanged tlui 
np[ienrimet' of tin- pta-sepu experinn*nted upon, dyspiuna, resulting. 
A 22 per etid, mixture* caused less imanuunienee. Wit h an H p(*r (‘eiit. 
mixture the breathing was ample*, being slightly more than normal. 
This latter ohse'rvalion is in eonqde*te* harmony with the* recent wmrk of 
lltpugh.** wini shows that by breathing in u eonlined s])aee of some 
HO litre’s, heailthy imlividunls attianpt to seenire* an ineivased ventilation 
of their lungs by int*reusing the rate* or de ptli or both of the r(‘spiratory 
(‘ffiprts. In tHikI, twei years ufti’i* the puhlitadion of KroncH'ke*!* and 
Jordi s [laper, J. S. Haldane^ gave tlu* results of soun* valuahUi experi- 

* TItiif riirlw*ii diiwid** im *eii e-xc'itiati t«» the* respiratirry etaiire^ wan tteaifinuwl by Zuutz 

i«i(| lmi7, |n HTU) atitl Uuhet aael (hVvelitn* (7VrrrJa6o/(.: 7^. Fredvricq, 

Lityfis IIMil, 6, 1). 

^ lh*ip|fi«‘||, J, iitHi, i*uhUe. ihdtifh lOlH, 21 , 2 , 

This ttiPe by L. eh* »Snjat Martin, iUimpL trud,, Il6, 200. 

^ llripliP'll, tm\ riL abif |i. iHO. 

^ Ahiitit er2 f^r a giw tlaiias 

« V. Ilrinidi’s d«i H. Linm, UMMl, [5], 9, i., 224. Htai also W. Thomson 

ft'//. Iiilrr, (.nmjf, Appl AVimov IIKHf. He‘is viii.. p. IfU), who confiriim (.his. 

* ftroiifi'krr iiipl .Iiereli, IVw. PhifnmL 181)2, 2 t, 

* T. .liiirr. J. PhqmttL HHt. 28 . 201), 

^ 4. S. ihihliiips J, Pktf.nuL, lHl)a» 18 , 420. 
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m»t. out upou liis o«. v».oo. Fton, thooc ^ 

carbon dioxide is a cumulative pouon, ^ 

upon the extent of saturation of haemoglobin with it. JJuuu« icst i 
is^not until the corpuscles are about ^ 

symptoms become sensible ; headache and ^ concluded 

pronounced on reaching half saturation. Haldane 
that when air containing carbon dioxide is breathed so -Jc ,..,,. 1,011 

of that actually inhaled is absorbed. The maximum 

dioxide that the blood can absorb from an atmospheie contaiuii c 
small but fixed percentage of it, depends upon two lactors, vm t u. 
relative affinities of haimoglobin for oxygen and carbon dioxide, 
relative tension of these two gases in arterial blood. Upon Dicat ^ 
fresh air the disappearance of carbon dioxide from the blood is slowci 
than its absorption was, and is due to the dissociation of carbonated 
haemoglobin by the mass influence of the oxygen in the pulinonaiy 
capillaries and the consequent outward diffusion of the gas through tlic 
aveolar epithelium. 

From the foregoing i£ is clear that the effect of breathing air con¬ 
taining relatively large quantities of carbon dioxide is very snuiiar to 
that produced by diminution of oxygen and by high altitudes, and it. is 
no doubt due partly to the deficiency of the oxygen, but partly also to 
the direct influence of the carbon dioxide itself; in fact Haldane and 
Smith ^ regard this latter as the more potent cause of the hypcrpiujea 


and headache which result. 

The actual proportion of carbon dioxide that can be supported 
without inconvenience is seen to be much higher than is generally 
believed. It is impossible to fix with definiteness the limiting amount 
for safety, as this again depends upon the personal equation ot the 
subject and upon the moisture and temperature obtaining at the time. 
It would appear, however, that from 8 to 10 per cent, of pure ea.rbon 
dioxide may be inspired with impunity for many hours, and a slightly 
higher percentage for short periods. Above 10 per cent, the gas begins 
to have a narcotic effect, and at about 25 per cent, death may occur 
after several hours, although 50 per cent, may be breathed for a short 


time without fatal effects.^ 


Water-Vapour —The amount of moisture in the air is an exceedingly 
variable factor, and is usually expressed in terms of relative humidity, 
that is the ratio, expressed as a per cent., of the amount actually present 
to that which the air could hold if saturated at the same temperature. 
The absolute humidity, on the other baud, is the weight, in grams, of 
moisture contained in 1 c.cm. of air. 


In the following table (p. 173) are given the numbers of grams of 
water-vapour contained in 1 cubic metre, saturated at various tem¬ 
peratures, under a normal pressure of 76 cms.^ 

It is seldom that the atmosphere is actually saturated with moisture, 
and the temperature to which it must be cooled, on any given occasion, 


1 J. Haldane and J. L. Smith, J. Path, Bad., 1892, i, 168. See also H. Kulot and L. 
Cavelier, Trav. lab. de L. Fredericq, Liege, 1901, 6 , 1. 

2 Foster and Haldane, Investigation of Mine Air, p. 144. 

^ An interesting account of the subject is given by Simpson, Nature, 1928, iii, 
Supplement to April 14, pp. v.-xii. 

4 As corrected by Dibbits {Zeitsch. anal. Chem., 1876, 15 , 121) from the results of 
Magnus {Ann. Phys. Chem., 1843, 61 , 247) and Regnault (ibid., 1845, 65 , 322). 
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in order that its contained moisture may effect its saturation, is termed 
the dew-point. This is an important point in meteorological studies, 
for our sensations as to the dryness or moistness of the air are influenced 
more by the relative than by the absolute humidity. Thus, for example, 
on a hot summer’s day the air may feel very dry and yet contain more 
water-vapour than would be required for saturation on a cold mnter’s 
morning, under whieli latter conditions we should experience an acute 
sense of dampness. 


Temperature, ° 0. 

Magnu.s. 

Regnault. 

—20 

1-040 

1-058 

—10 

2-317 

2-299 

0 

4-788 

4-868 

5 

6-725 

6-789 

10 

9-310 

9-356 

15 

12-716 

12-738 

20 

17-152 

17-147 

30 

80-131 

30-079 

40 

50-735 

50-677 


The water-vapour of the atmosphere is an important factor in 
preserving equability of temperature, inasmuch as it absorbs a large 
portion of the heat radiated from the earth. Water-vapour has a density 
of 9 (H=l), whilst that of dry air is 14*4. In consequence of this the 
humidity of the air affects its pressure and is thus an important factor 
in connection with fluctuations in the height of the barometer. The 
presence of water-vapour in air exerts a pronounced retarding action 
on the rate of aeration of natural Avaters. For this reason metals 
corrode much more rapidly AA^hen submerged in water exposed to a dry 
atmosphere than when the air above is humid. 

Determination of Atmospheric Moisture .—The amount of moisture 
in the atmosphere may be estimated gravimetrically by aspirating air 
through U-tubes containing some desiccating agent such as sulphuric 
acid or, better, phosphorus pentoxide, and noting the increase in Aveight. 
Calcium chloride may be used for approximate estimations, but for 
accxirate work it is not efficient.^ 

A more rapid and convenient method consists in a determination 
of the deAv-point by means of a hygrometer. One commonly used 
is that devised by Regnault, ^ and consists of a glass tube, the loAver end 
of which is encased in a sih^er thimble. The tube contains ether, into 
Avhich dips the bulb of a sensitive thermometer. Air is aspirated through 
the ether causing evaporation and cooling. The temperature, is noted 
at Avhich a film of moisture collects on the thimble, and again when it 
disappears after stopping the aspiration. The mean of these two data 
is taken as the dcAV-point.^ 

^ Tor the efficiency of the above drying agents, see Pettenkofer, Annalen Suppl., 1863, 
2 , 29 ; Dihbits, Zeitsch. anal. Ghem.y 1876, 15 , 146 ; Morley, ibid., 1885, 24 , 533. 

2 Regnault, Ann. Chim. Phys., 1845, 15 , 129. 

3 For details of other types of hygrometers, including the wet and dry bulb thermometer, 
the reader is referred to text-books of Physios and Meteorology. 
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Desiccation of Air—It is frequently necessary to dry the air for 
chemical and metallurgical processes. For example, air required to be 
ozonised for ventilating or sterilising purposes must first be dried ; and 
the efficiency of a blast furnace in the production of pig-iron is greatly 
enhanced by the desiccation of the blast.^ One convenient method 
consists in cooling the air by passage through chambers fitted with pipes 
through which cooled brine from a refrigerator is passed. The moisture 
is deposited as ice on the tubes, the escaping air having been cooled to 
about —5° C. (23° F.), audits moisture content reduced to approximate!}’’ 
2*6 grams per kilogram of dry air. 

In the Daubine-Roy process ^ air is made to ascend a tower and 
during the process to pass through trays of calcium chloride, the 
temperature of which is kept low (namely, 4° to 5° C.) by means of water 
coolers. The limits of hydration range from the monohydrate to the 
octahydrate; thus 

CaCL,. HgO +7H20:^CaCl2. SH^O, 


the monohydrate being periodically regenerated by passing hot gases 
through the tower at a temperature not exceeding 200° O Experience 
shows that 240 kilograms of the monohydrate spread out in a layer 
24 cm. deep and cooled by tubes containing water to 4° or 5° C. will 
per hour desiccate 300 cubic metres of air percolating it from above 
downwards ; it mil continue to do this for 4 houi's, reducing the humidity 
of the air from an average of about 15 grams of moisture per cubic 
metre to one of about 1*5 grams. To desiccate a gas to this extent by 
refrigeration would require a temperature of about —15° C. 

For laboratory purposes small quantities of air are frequently dried 
by passage over anhydrous calcium chloride—which is a slightly more 
powerful desiccator than the monohydrate. A better reagent is sul¬ 
phuric acid. Gases may be led directly through the concentrated acid 
or, better, through tubes or towers containing pumice, glass beads, or 
other suitable substances moistened with the acid. The concentrated 
acid reduces the moisture content to about 1 milligram in 4000 litres.^ 

The most powerful desiccator available to the chemist is phosphorus 
pentoxide. Prolonged exposure of a gas to this reagent, conveniently 
scattered over glass-wool, reduces the moisture content to about 
1 milligram in 40,000 litres.® 

Atmospheric Ozone, Hydrogen Peroxide, and Organic 
Peroxides.— For many years traces of oxidising substances have been 
known to exist in the atmosphere,® and have been variously charactcudsecl 
as ozone, hydrogen peroxide, and organic peroxides. 'Unfortunately 
early investigators failed to appreciate the fact that it is cxtremelv 
difhcult to distinguish between and severally estimate such minutic^ 


^ See this series, Vol. IX., Part III. 

» Daubing and Roy, mo, 11,397,479; J. Iron Steel Inst., 1911 , 

“ Morley, Am^. J. Soi., 1887, 34 200 ’ “I' 

1233; anal. Ohem 1894 « ® ^7, 

in dew, rain, and snow. Ilosvaf (S ^894 S 

incomplete. ^ ^ regarded Schone^s evidence as 
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traces of these s\il)stanecs as occur in the air, although but little diffi¬ 
culty occurs when they are present in larger amounts. It is also now 
known that oxides of nitrogen would vitiate the earlier tests, and as 
traces of these gases arc likewise frequently present in the atmosphere, 
no little uncertainty has arisen as to the correct ii\terpretation to be 
placed upon the majority of tln^ results obtained by early workers. 

This (*onfusion is further enhanced by the fact, which has only 
reeciitly hvvn asc^catained witli certainty, that hydrogen peroxide 
sometimes dccom])os(‘s, yielding ozone and water {vide infra). 

In the following table are fivcn a few of the more important results 
of the so-called determinations of ozone in the atmosphere. The data 
prior to 11)17 should be interpreted as representing the amounts of 
oxidising substance's expressed as milligrams of ozone per cubic metre 
of air. 

PERCENTAGE OF OXIDISING MATERIAL 
IN THE ATMOSPHERE. 


Oxidiaing Material expimsed as 
MilligramR of Ozone in one Ou])ic Metre'* 
of Air. 

Authority. 

About 2-8 rnilligrams 

Ilouze'au {Ann. Chim. Phys., 

lO-lOO milligrams 

1872, ( I-), 27, 5; Compt. rend., 
1872, 74, 712). 

S(!hoiK‘ {Jirochure, Moscow, 1897). 
Thierry {Com.p1. rend., 1897, 

At a.n altitude' of 1050 metres, 

0'085 to ()-()80 milligram, rising 

124, KiO). 

to O’ODI miUigratu at 3020 
nu'tr(‘s. 

0*01-O-O.*! milligram . 

11. el(^ Varigny {Smithsonian and 

By one metliod 31*() to 158 milli- 

Mis-eell. Coll., 39, 27). 

Hatclior :mcl Amy {.diner. J. 

grams ; l)y a. second mc'thod, 

Charm., 1000, 72, 9). 

8*0 to 31 milligrams. 

4'5 milligra.ms in 100 kilograms of 

K. Lcs|)iea\i {Bull. fine. Chim., 

air (equivah'nt to O-OG milli¬ 
gram in oiu' cubic metre), the 
|)roportion beitig independent of 

1900, | .‘1|, 35, 010). 

, 

of tlu' altitude'. 


Up to an alt itude' of 8000 fee't, the 

VV. irayimrst. uiul .l. N. Priiiff 

oze)ne‘ was k'ss tlian 0-0()3 milli¬ 

{Trane. Chem. Soc., 1910, 97, 

gram. Above' this anel u)) to 

808). 

10 mih'S the' e)ze)iu‘ lay be'tween 
0-1 and 0*1 milligram. 

2*5 volume's pe'r million vmlumes 

Priiiff, Proc. Roy. Soc., 1911, A, 

e)f air e)ver Britain. In the Alps 

90, 201.. 

a mean value of 2*5 volume's was 
fe)unel at an altituelc' of 2100 
mc'tre'S and 4*7 at 3580 medres. 
No ozone' femnd in 14 te'sts between 

Usher smd Rao {Trans. Chem. 

July lOlG anel January 1917. 

Soc., 1917, 111, 799). 
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Hayhiirst and Pring were careful to introduce a correction for oxides 
of nitrogen, but did not distinguish between ozone and hydrogcsi 
peroxide. Usher and Rao appear to have eliminated all oxidiscn-s 
except ozone, and it is remarkable that they should have discovered 
no ozone whatever in their series of experiments. In the neighbour¬ 
hood of London, Reynolds^ finds one volume of ozone in about 20 
million of air. This amount is greatly increased after a tlninderstoiau. 
From a study of the absorption of ultra-violet light by ozone, combined 
with measurements of the amount of the sun’s light transmitted by tlu‘ 
atmosphere, the conclusion has been reached ^ that, if the ozone wc.‘rt‘ 
equally distributed throughout the air, its amount would equal 0*0 c.cx 
per cubic metre, or 6 parts of ozone per 10 million of air. 

Hydrogen 'peroxide is produced in nature in a variety of ways. 
According to Dixon ^ it occurs as a product of evaporation of watei*, 
and it has recently been shown that moist oxygen, when exposed to 
ultra-violet light, yields distinct traces of hydrogen peroxide in the course 
of seven or eight days, according to the temperature.^ 

In 1909 Kernbaum ^ produced hydrogen peroxide by exposing water 
to the action of penetrating rays from radium salts, and two years later 
Kailan ® confirmed this result. How much of the atmospheric peroxide 
is due to the above causes it is difficult to say. Undoubtedly most of 
the peroxide, and certainly the bulk of the organic peroxides of the air, 
originate from the direct action of air, moisture, and sunlight upon tlu‘ 
essential oils and other organic emanations of plants.^ 

Ozone may be produced in nature in a variety of ways. When water 
evaporates into the air, particularly when thrown up in the form of 
spray, traces of ozone are produced, and this accounts for its prcsc^cc^ 
m the fresh sea breeze and in the neighbourhood of waterfalls.® Tluj 
refreshing odour after a shower of rain or the passing 5f a water-cart 
over the road is probably due to ozone. The gas is also produced 
y silent electric discharges from thunder-clouds and accompanies thc^ 
flash discharge of lightning. In 1886 Wurster ^ called attention to the 
tact that ozone rnay result from the action of sunlight upon the clouds, 

® results of numerous researches have pointed to tlu' 
act that the bulk of the atmospheric ozone is yielded by the action of 

^ Reynolds, Nature, 1923, 112 , 396 

E.m ™,Ml mi [4. 484 ?:"di£ti“KS'cC 'S’ 

that had evaporated into^the air permanganate to be present in water 

unable to confirm ^ 481) has been 

* Bieber, Ann Physilc, 1912, 39 , 1313. 

i^ernbaum. Compt. rend., 1909, 148 , 705 : 1909 1.10 116 27^ 

Kailan, MonaUh., 1911 02 101 <) Tn llo, 273. 

5th ed., 1907 (BaiUiere & Co.). “ summarised in his work Nature’s Hygiene, 

time ;'also H. Zoh WP his 

1901, p. 51, on the sea air of l^oa^on Umv. Bordeaux, Trav. Lab., 1900- 

» Wurster, Ber., 1886, 19 , 3208. ' 
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ultra-violet rays from the sun’s light upon the oxygen in the upper reaches 
of the air.^ This would account for the observatiou of Thierry ^ and of 
W. Hayhurst and Pring ^ that the amount of oxidising material increases 
with the altitude. In clear weatlier ozone is ]>rol:)al)ly produced also by 
the direct action of the sun’s rays u])on tlic lower layers of the atmo¬ 
sphere.'^ These ol)scrvations probably ex])lain why R. Lespieau ^ 
found that in Ins expea'iments the ])ro[)ortion of atmosplieric ozone was 
independent of the. altitude. 

CIzone has recently l)ec‘n shown to result from the action of rays 
from radio-a(‘tiv(‘ substances u])on oxygen, but to what extent 
atmospheric ozone is attributable to this cause is uncertain. Probably 
a small quantity ol‘ ozone is ])roduced by the slow oxidation of the 
essential oils aiul other organic exhalations of plants,'^ and Duphil^ lias 
recently observcHl an exct\ss of ozone in the air of the maritime pine 
forests in tlie maghbourhood of Bordeaux. 

From tlic point of view of ventilatioti, ozoiu- and peroxides are of 
interest inasmuch as they impart a cH'ispness or freshness to the air, 
and the fact that tlu*v art* readily decomposed l)y lieat is probably 
one of the (*aust*s of the {latn(‘ss ” of heated air. The well-known 
Sanitas preparations art* t‘sst‘ivtiariy solutions of Iiydrogen peroxide 
and of dilTerent organit* [)(*roxid(\s. T’ht'n* can be no doubt tliat in nature 
the presen(‘(* of hydrogt*n peroxidt* is an im])ortant factor in removing 
foetid and putrid mattt‘r from tlu* atmosplu^rc*. Ihisisto has (*alculat(*d 
that 00,877,1-lOdlOO gallons of caicalyptus oil “ are held continually 
at one and tht^ same* monuait in tlu* leaves of treat's nrasst'd together 
and oceu})ying a, belt of <‘oimtry ovt‘r which tlu* hot winds blow ” in 
New Soutii Wales and South Australia alom*. Kingzett concludes 
that this amount of (‘ucaly[>tus oil can and must ])roducc in the 
atmosphere* surrounding ti\e for(*sts no less than 92,785,023 tons of 
peroxide* of h}alrogt‘n, and about 507,587,945 toTis of the soluble 
camphor, not to mention the otlu^r prodiuds of oxidation.” 

Detection of Af)no.S'phenc Ozone, Sclibnbein’s inetliod hinges on 
the fact that sitna* ozone liberat(‘s iodine from ])otassium iodide, starch- 
iodide ])a.pers arc* readily tunu'd bhu* in its ])res(‘ne(‘. But inasmuch 

^ F. Fischer aiul F. Bnu‘}imer, Bcr.^ 1905, 38 , 2033 ; F. Rush, Zeit'ich. lUektrocliem.^ 
1906, 12 , 409 Honriet and Bonysay, (Jompt, rvnd.^ 1998, 147 , 977 ; F. Fiacher, ibid., 1909, 
42 , 2228 ; Phifsikal. ZeiUch., Hf()9, 10 , 453 ; E. van Aulxd, (kmpL rend., 1909, 149 , 983 ; 
1909 , 150 , 96; M. (1. flohuHon and 1). MUnteah, J. Anar. Chern. Boc.., 1909, 31 , 146; 
W. J. Humphroya, AMroplujsH. 1910 , 32 , 97 ; W. (t (^Iilopin, ./. Russ. Rhys. Chem. 80 c., 
1911, 43 , 554. It ia intereatinp: to note that tlu^ sanie rays acKuderato the decomposition 
of ozone when once it. has been formed*. Eva von Bahr, Uira. Physik, 1910, [4], 33 , 598. 

Thierry, aompt. rend., 1897, 124 , 460, 

Hayhnrst and Bring, Trans. Chem. 8or., 1910, 97 , 868 . S(‘(‘ also Holmes, Anier, 

(diem. J., 1912, 47 , 497. 

•* W. Honriet and Bonyssy, (hnnpl. rend., 1908, 146 , 977 ; If, N. llolmoH, Amer. Chem. 
./., 1912, 47 , 497. (•ontra.st Baytaix, (Uimpl. rend., 1919, 169 , 957. 

^ Les]h(*an, Bull. 80c. Chlni., 1906, [3], 35 * 616. 

“ (lui’ic {(JompL rend., 1899, 129 , 823) conlirrned by R. Nasiui and M. 0. Ltjvi, Atti. R. 
Accad. Lincei, 1908, [5], 17 , ii.,46, See also Rieharz and SUzungsher. K. Akad. 

Wiss. Berlin, 1903, 12 , 1,102 ; 1904, 13 , 490. 

’ Cloez {CompL rend., 1856, 43 , 38; 1861, 52 , 527) found that starch iodide papers 
are coloured by the exhalations of certain trees indicating the presence of some oxidiser, 
though not necessarily of ozone. 

Duphil, lac. cit. 

® Bosisto, quoted })y Kingzett, Nature's Hygiene (Bailliere, 1907), p. 488. 

i^i^Unglazed (filter) paper soaked in a solution containing starch and potassium iodide. 

VOL. VTi. : I. 12 
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as peroxides of hydrogen and nitrogen have a like effect the t<^st 
valueless unless the absence of these other substances can be Proved. 
Houzeau ^ therefore recommended a litmus-iodide paper. JNitrogem 
peroxide liberates iodine but, unlike ozone, will not simultaneously 
liberate free alkali, so that the litmus either remains unchanged or is 
slightly reddened. Ozone, on the other hand, not only liberates iodine 
but alkali which turns the litmus blue. The main disadvantage of this 
method lies in the tendency of the iodine to mask the colour of the 
litmus, and thus render any change in the latter difficult to detect. 
It is true that hydrogen peroxide likewise liberates iodine, but by first 
passing the air over chromic acid,^ hydrogen peroxide may be effectively 
removed^ whilst the ozone is not affected.® Filter paper soaked in an 
alcoholic solution of tetramethyl base ^ has been recommended, since 
the paper becomes violet with ozone, yellow with nitrous fumes, but 
remains unaltered in contact with hydrogen peroxide. The reaction, 
however, does not appear to be sufficiently sensitive ^ for the tests 
under discussion. 

Estimation of Atmospheric Ozone .—The majority of investigators 
in the past have relied upon the liberation of iodine from potassium 
iodide solution as a convenient method of estimating ozone. Tlius 
Hatcher and Arny ® aspirated air through potassium iodide solution, 
whereby first iodine and subsequently potassium iodate are formed, as 
indicated in the following equations : 

2KI+H20+03=2K0H+02+l2; 
2K0H+l2=KI0+KI+H20; 

3KI0=KI03+2KI. 

On acidifying, free iodine is again liberated according to the equation 
KIO 3 +5KI+3H2S04=3K2S04+ 3 I 2 + 3 H 2 O, 
and is estimated by titration with thiosulphate. This method does 
not distinguish between ozone and hydrogen peroxide, neither does it 
guard against the disturbing influence of nitrogen peroxide. Tixis 
difficulty was surmounted by Hay hurst and Pring,^® who estimated tlie 
free alkali in addition to the iodine and were thus able to introdue(‘ a 
correction for the peroxide of nitrogen, although they were unable to 
distinguish between hydrogen peroxide and ozone. 

If, however, the air is first freed from peroxides of nitrogen and 
hydrogen, the liberated iodine owes its presence entirely to ozone*. 
Keiser and M Master,^^ therefore, recommend the passage of air througli 
a solution of potassium permanganate prior to testing for ozone, as this 
gas is not affected by the permanganate whereas the two peroxides artJ 
destroyed. 


Moffatt’s results {Brit. Assoc. Reports, 1870, p. 61) are in- 

S nnXrfJri ^ ,* Gompt. rcud., 1872, 74 , 712. 

Unglazed (mter) paper containing litmus and potassium iodide. 

Ur over solid chromic anhydride crystals 
^ Engler and Wild, Ber., 1896, 29 , 1940. 

® Usher and Rao, Trans. Chem. Soc., 1917, m 799 

I Wurster, Rer 1888, 21 921; Arnold and Mentzei, Ber., 1902, 1324 ^>902 

“ Hayhurst and Pring, he. cit. ^my, Amer. J. Pharm., 1900, 72 , 9 . 

Keiser and M‘Master, Amer. Chem. J., 1908, 39 , 98. 
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Potns.sinni nrst^nitc is oxidised hy ozoiU‘ to arsc‘nat{\ and may )><‘ 
sid)stitutc‘d For potassium iodide' in tiu' previous nudhod ^ ; although 
here again it is iU‘(H‘ssary to first ri'inovi* tlu‘ j)eroxidt‘s ot hydrogcai and 
nitrogeai from llu' air prior to ti'sting. 

A imdliod that, appe^ars <*apal)I(‘ ofgn'atc'r a(‘eura(*y and U'ss ojx'ii to 
(*ritieism than any of tlu' (orc'going is that d<‘vis(‘d by Usiu'r and Ibio.“ 
It hinges on tlu' faed that o'/oiu' oxidises aepu'ous solutions ot alkali 
nitrite's to nitrate's, the' re'aedion ])roee‘e'eling (juautitative'ly ac'eording to 
the t'e|uation 

XaXO. I ()., NaN(),j 1 Oo. 


Twe) sanijile's of air are' take'U anel e'oUeedx'el in large* ste)])]>e're‘el heittk'S 
of some* T-litre's (‘a[>aeitv. One* sam])le is aehnitte'd threaigh two tube's 
eontaining re'spe't'tivedy (*hre)mie* anhyetrieh' anel powde'rt'd mangaiU'se 
elioxieie, the* se‘e*e)nel sample' through a tube e*ontaining ehreiinie' anhydride* 
only. Tlu'V are* tlu'U shaken witli a elilute* standard seilutiein of sodium 
nitrite re'uele're'd slightly alkaline', and the* nitrite' eonte'ut subse'epu'ully 
de'te'rmiiu'd e'oloriiue'trie'ally.*^ 

The* lirst sample' eif air e'oulains only nitre)ge'U |)e‘re>xiele‘, the* hyelroge'U 
peroxieh' and e)ze)ne* having ben'H eU'stroye'el by the* e'hromie' aedel anel 
mangaiU'se' dioxide* re'spe'etively. The* ine're'ase* in the* amevunt eif nitrite 
in the be)ttle' thus give's the* me*asure* eif the' nitre)ge‘n pe‘re)xide* alisorbexl. 

The' se'e'emel sanijile* e'eaitains ozone* anel nitroge'U pe'roxiele* and the* 
eliffere'Ue'e' be*t\ve‘e*n the* nitrite* eearte'uts of tlu* twe) bottle's is (‘([uivale'iit 
to the' o'/one* pre'se'iit. The* pre'se'iu'e* in llu* air of ammonia, sulphur 
dioxiele*, anel hyelre)ge*n sulphiele ele)e's ne)t inte'rfe're* with the* e'stimatiein 
of ozone' anel nitroge'U pe'reixiele by this nu'thod as all thre'e* gase's are* 
eomple'te'ly absorhe'd eluring passage* through the* ehromie anhyelride tube*. 

Nitrogen and the Inert Oases funetion mainly as diluents in t he* 
atmosplu're*, e'Xe'rting a re'straining intluene'e* iipein the* ('hemi(*al aetivity 
of the* e)xyge‘n. Tlu'y e'xist in aj)pre)ximate‘ly the* folleiwing proj)ortions 
by ve)lume* : 


Nitroge'U ^ 

Arge)u 

Hedium 

Xc'on . 

Krypton 

Xe'uon 


78-()(i pe'i’ cent. 

O-Otl „ 

1 part- in 185,0()() 

1 „ 55,()()() 

1 „ 2(),00(),()00 

1 „ 170,000,000 


The* nitroge'U is not entire*ly ine*rt, lie)weve*r. During thunderstorms 
it (‘an nnitc' vvdth the* e)xyge*n yie'lding, in the pre‘S(‘ne*e of the* moisture*, 
both nitrous ami nitrie* aeiels,*^ Again, ec*rtaiu plants, su(‘h as the* 
legiuiiitiosa\ owing to the* pre'senee* of l)aete*ria, in the*ir root-tnb(*rele‘s, 
are* lialile* to assimilate* nitre)ge‘n dir(*(*t from the* atmosphere*, and ee‘rtain 
haetcria in the* soil act similarly. Tlu'se* r(‘aetions, liowever, are* 
relative'ly of minor importance*. The inert gases, on the othe‘r hand, 


^ HatedicT aad Arny, he. ciL 

^ tWiar and Rao, frann. ('hem. hioe., 1017, ill, 709. 

'* The) (*rie‘HH-ll<)Hvay medhoel in rocommonelecl. Hoe Sutton, Volumetric Analymst 
9th (‘(L, p. 440. 

^ Leeiiaa (hnipL rend.^ 1800, 123, B05. 

See also this sories, Vol I., Part 11. This Vul., p. 158. 

** Hoc pp. 52 and 217. 
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appear to be absolutely inert and to enter iiito no atniosphcrie eh<-iiiienf 

reactions whatever. . , , i 

To the presence of krypton in tlie ntnios|>fuTc is (ln<* ihr pin huuh 
known as the mirora horealifi or nortluTii lipids. I'he iiu rt s tiii4 
their way into tlic atmosphere throiipfh escape Irom tuiueiai 
and, in the ease of helium, throu^^h the disinteoTat ion oi' ra<liiiin. 

Hydrogen. — The proportion of hydr<>^<‘n in the* air \aries eon- 
siderably, although it is always minuted '^rh(‘ hydr<igen eoiiteiit, 
however, is believed ^ to inereas(‘ witli tin* alliitichs In the speetriiiii 
of the aurora the intensity of the nitrogen lines diminishes and that of 
the hydrogen lines increases with increasing height. The hydrogf ii 
originates from volcanic emanations as well as from ha(‘terial atdivif y. 

Carbon Monoxide is scarcely a normal eonstiliuad of fri*sh air* 
although it occurs in the minutest traces in tlu‘ air of towns and of 
volcanic districts. It also occurs in railway tuniuds and c-ven in wc II 
ventilated coal mines to the extent of ()*0()2 to 0-()()4< per (*ent,'* It is n 
most dangerous gas, 0-43 per cent, being fatal to man in a stu»rt lime. 
Even 0*2 per cent, may prove fatal if breatlusl for a long time, flisui- 
aches and other unpleasant symptoms ar(‘ ])rodu<‘tsI by eoneent rat ions 
ranging from 0-03 upwards. 

Carbon monoxide is produced by the ineomph'tc' ('(anhustion cd' fue l, 
and since it readily diffuses through heated iron, it. frtspientiy happens 
that iron stoves, used for heating purposes in largt‘ buildings, ronstitnte 
a source of this gas in the air, the eaiTou monoxide diffusing into the 
building, instead of being carried up the ehimney or burmal. 

Ordinary coal-gas may contain anything tip to 20 per cent, earhtm 
monoxide, and an escape of coal-gas into the air ])rodue(\s a proport ionnte 
vitiation of the same. 

Miscellaneous Substances in the Air.-- Tha^^^^ oxidisahle <»rgani<‘ 
compounds are present in the air has been known for many years, the 
Swedish chemist Berzelius ® being one of the first to nd'er lo' t he fati. 
This explains the observation of Levy and Henricd;’ that air fret'd from 
carbon dioxide by treatment with caustic ])otash g(‘n(‘rat(‘s it again on 
standing, owingto the oxidation of the organic matter. TIu‘ exacd nature 
ot the organic compounds present in the air is uu(‘ertain. (hudit^r^ 

A methane in 10,()()() of Parisian air, and 

0*17 ot benzene and its analogues. Formaldehyde and otIuT organit* 
derivatives have been detected m minute quantities.^ The* unheallliv 

attributed to the volatile or^anH- s,d.slnuces 
produced by the decomposition of the vegetation. Analv.se.s of tlu' 
gases evolved from marsh land show that methane eoustituti^ in geiiernl 

■ «, 107-, g;,S; 

® Berzelius, Jdhrhuch, 1835, 22 , 47 

«•«.lls*'™'2 ’’”> *“• >*«■ Mi*t. "..It 
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more than half the total volume of gases,^ the remainder consisting of 
carbon dioxide, nitrogen, and in some cases of oxygen and hydrogen. 

Oxides of nitrogen and free nitric acid occur in traces in the air, the 
former owing their existence - to the combination of oxygen and nitrogen 
under the inlluence of lightning flashes, and possibly also to a much 
smaller degree to the oxidation of ammonia. These oxides unite with 
\vater, yielding nitric acid. 

During thundery weather accompanied by very little rain 1 part of 
oxides of nitrogen in 4 or 5 million of air has been found. ^ 

Ammonia, mainly as carbonate but also as nitrate, is present in the 
air, and originates in the decomposition of organic nitrogenous sub¬ 
stances. li. T. Brown ^ found the air at Burto.n-on-Trent, during the 
years 1869 to 1870, to contain from 0-04 to 0*09 parts of ammonium 
carbonate in 10,000 of air. The analysis ot rain-water ^ shows the 
presence of ammonium nitrate in appreciable quantities. 

Sulphur compounds are detcetabki in tlie neighbourhood of active 
volcanoes and in towns and cities where much coal is burned. Thus at 
Lille, Ladureau ^ found 1*8 c.c. of sulphur dioxide in 1 cubic metre of 
air, which corres])onds to ()*()18 parts per 10,000 of air. Sulphuretted 
hydrogen is present in traces in coal-gas, and in the* neighbourhood of 
decaying organic matter containing sulpluir. It ^vould ap])ear that as 
much as 2*0 parts of this gas ])er 10,000 of air have no deleterious action 
upon the system, even if breathed for protracted periods.'^ All oC tlu‘se 
sulphur compounds are rapidly oxidised to sulphuric acid, wlxic^h may 
or may not be neutralised by the ammonia of the air yielding ammonium 
sulphate. Warington ^ found tlu‘ cipiivalent of 17*26 lb. of sul[)hur 
trioxide fell annually on each acre of land at Rothamsted, and tliis may 
be taken as a fair average, for Miller ^ gives 20*89 lb. for Sicily, and 
Gray 15*2 lb. as the mean for four a.nd a half years of observation in 
New Zealand. 

Soil Atmosphere. By soil atmosphere is understood the air 
lining the pores between the particles of the soil mass. Although part 
of the ordinary atmosphere, its composition is inlluenced by two opposing 
forces. On the one hand the various organisms of the soil abstract the 
oxygen and evolve carbon dioxide ; on the other hand gaseous inter¬ 
change with the outside air, brought about*by din'usion and other 
processes, tends to restore the normal oxygen content of the atmos|)here. 
The net result, therefore, is determined by tlic difference in velocity 
between these two processes. 

^ Hoppe-Seyler, Zieitsch. physiol. (Jhem.j 1880, lo, ^ 01 . 

^ Hayhurst and Pring, Trans. Chem. Soc.y 1910, 97 , 908. 

Usher and Rao, Trans. Chem. Soc., 1917, in, 799. 

^ H. T. Brown, Proc, Roy. JSoc.y 1870, 18 , 286. 

^ Warington, Trans. Chem. Soc.. 1889, 55 , 537. 800 also [). 217. 

Ladureau, Ann. Chim. Phys., 5 series, 1883, 29 , 427. 8 eo also Witz, Com'pt. rend., 
1885, 100 , 1358. 

J. Habertnann, W. Kulka, and E. Honuna, ZeU. Anal. Chem., 1911, 50 , 1. 

® R. Warington, Trans. Chem.. jSoo., 1887, 51 , 500. 8 eo also data given by Ridoal, 
Proc. Paint and. Varnish Boc., 1914, No. 3. " N. H. J. Miller, J. Agric. Bci., 1905, i, 292. 

(}. Gray, Rept. Australasian Assoc. Adv. Bcicnce, 1881, i, 138. 

Eor early researches on this subject, see Boussingaiilt and Lowy, Ann. Chim. Phys., 
1853, [3J, 37 , 1 ; Bchloesing, Compt. rend., 1889, 109 , 018, 020, 073; Kissling and Jdeisclier, 
Landw. Jahrbucher, 1891, 20 , 870. 

The subject has been studied by a considerable number of investigators since the 
middle of last century. A useful summary is given by Russell and Appleyard, J. Agric. 
Sci., 1915, 7 , x>art i., L 
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AiuilvHfs of the soil ntinosphere show that it suffrrs ifrr<i.trr tliitluu. 
tions in eompositiini than tinhuary air. As a rtilr it euiitauis Ir-ss tixyj^niu 
hut nearly leu times us mueli earlnui tlmsuh' u% th«' aii\ as sli<n\u hy tlu* 
following claita : ^ 

Smi! 

4! !}J>>>uhr|-»'. .-.ur. 


C'arhou ilioxicle , 
Oxygen 


OilM iiy \iilt||iir 

•20‘(Ut 21 tHi 


2t'im 


Usually tlu‘ sum of these two gases m the sot! aitinfis|ilirrr is only 
slightly less than tliut in tin* air attlMiugh at pernwis uheu iiilrati's 
rapidly increase, and in wuier4t>gged sods, there is a pererjU il4r rednetion 
in oxygtau 

In addition t<i this free* atinosphtU'e there is a sreond seal atmosphere, 
consisting mainly <4* (^arlain tlioxide and nitrogen, uith praetieally im 
oxygtan whu‘h is disstdvt'd in Ha* water amt eoltonis of I lie sod. 'rhe 
(‘xisteiiet* of this st*eoiul atmosphere ts mtpi»rtant. m tlmt if remlers 
possible th(' (‘xistenee of unierc4ae organisms m the soiL " 

Mina Air. I'he air in mines has la-eit made the snhjret of ^•on» 
siderulde investigation. Freshly liewn coal e\ohes met lame and other 
gases, and uhsorlas or oc*eludes gases fftan the air, ti\\i*en tieing fa ken up 
rather more* rapidly than nitrogen, d'hts js will e\tmphlieii by ttie 
following tahlt* which gives the relatue proportnais of oxygt'ii, nitrogen, 




I'MiU I n» Air. 


Oxygen . 
Nitrogt'U 
Farbon dioxide 
Methane 


h'H 

2:fH 


T 1 " 1 

1*0 

MH 

4 hO 

n-'a 


ea,rhon dioxide, and methane eeialiimetl m sain|4es of Ireslily hewn 
coal, and in ol'lna* samplers of the same* coal lifter protoiignl rxjiostire 
t.o air/^ 

It is not- surprising, tlnaaddre, that the utr t4’ mines should exiiihif. 
a (Uvraaeney in oxygen and an inc*rt’ase in tin* pereiuitiige of earlioii 
eonipouuds. Aualyst*s of airtiikiai at itiffereiit levels in 11 Heoilish 
mine, are given by Whiilley m follows : 


* Rusw4l luid Appleyarci, he, eil, Hee iiU«» VViilliiy, khrM'hump’n «mi/ thm ikimit' ilrf 
AgnknUurphifmh 1880 3, 1; IHHI, 4, 1; 1880.9, tHa ; IHSII. ij, ailtl i IMKi. ij, ‘JUl. 
KlH^niiayta*, i/w/., 1878, I, lag; 18181,13,1*1. Hiiiaiaia |mi2, II; M*4lrr. ilwl., 

1870,2,829. " 

^ Tht^ mdia-iietivity <4 Hulmail air m tlrntmiiiMsl Oy aipl tVriaiinlr/,. 4««l. 

Quhn.y 1918, li, 107, 294; Hattwly, l*rm, mi XW,, 1911, 16 , lOO ; 4t*Iy iiiiti 

Hrnyf-h, Xrr, Fmc, Hmj, Ihiblm Sm., 1911. 13, I4H; Hmiilermai. .Iwirr. J. XVi,. Illll, 32, 
69 ; (iackal, PhynikaL Zeihch , U818, 9, 304. 

Bediioii, 'Pram, FmL ImL Min, Aug. 1902. 

^ See also Mourou and L©|m|>e, VompL rmd,, iOIlp 153, 849, |ii4:i 
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’‘riitinel Air. lltt» air in tuiuuls, thrcnigti whicii coallired loco- 
luotixfN nnitaiiis nuiiiy iiu|mritit'S in nXiH'ptinnal (juaiitities, 

rhirf wlnrh arr suiphnr dienxidn, <*arlHHi nnaaixidi* and dioxide.^ 

In flit’ full«HVin|^ arr ijivnn Ihn avara^t* uinnnnis of sulphur 

dinxidr iind rarium luuiH^xalf m lU.tHH) parts nf air as found in tuuucLs 
in llidtiiiiorr, r.S,A.. thriiuiih which sicain and cl<‘(*tri(* locomotives, 
rt^H|K-etivrly, |.iass.’-^ 

Sitnnu I Khn’triu hoium. 

: j 

■ s i 

■SCI,, , .1 (Idol I 0*029 

■ C'CT . . ■ 2'07 I 0*25 


I)U8t* Aniitlirr important const it uen! is the so»calh‘d dust, ilic 
pH'sciKs* of which must hau* been notic’cd for a^cs. It is a hipfhly 
complex mixture td' morxmnic. lifeless or^nnut*. and living ori^unie. 
matter, llu" first naimd m’i|»inates partly from natural causes, sucli 
as wmd and \oleame iietnit v. llius the writers l»i\‘e in tlu*ir possession 
samt found at Las Fidmits, which hatl been blown o\H*r 100 miles of sea 
from till* Ctreat Sahara Ih sert. During the great eruption of Krakatoa 
in IHHil vast quant it ns of dust were hurletl into the* air, aiul for several 
years afft rwards the sunsets wen* remarkable for tlu‘ir glow, iudieatiug 
that tin* partieirs of dust eontinueii to iloai in tiu* ntmospluax* for a pro^ 
portionatfly long time. In a s|na‘troseopii* nmdvsis of dust Hartley^ 
has tdmid a large nnmher of iuorgunie sid)stniu*(‘s that must have 
tra\elletl from many parts of the i*nrth vt'ry wiile distau(*es apart. 
Among the im^rganii* particles are minute* crystals, tor i‘xa.m|)h*, ot 
sodium efiloride ^ which owe* their c»rigin to sea spray, and may he 
eurrit t! inland for hundretls of mih's ; sotlimn sidphule particles, |)ro- 
balily foritieit by the interaetion of tin* scHlinm (‘hloridc* with sidphurous 
acid vapour and substapieid oxielatiou, are also prt*seut, aud (*ause the 
ready erystidtisiition of supt‘rsitturutt*d solutiou.s of sodium sulphate 
when expeised to lilt* air, A good d<*al of atnmspherie dust is ol artificial 
prcKhirtioii, dm* to the combustion of coal, to faetories, etc., thus a 


* iiatilyfrt'ii liy f.^iagmiar, */. *SVr<7 HU I, i., 147. 

* Heiiiell iitnl Mwrve* IKS, Puhlk Umlth Srfm'i\ Hytjiruir, Luii. PulLt No. 92, 1914, 
|t|s I 47, 

Kainielt, oim-s r»l., |i 4!Mi; W, N. Hiwtloy and Hiuaiigc, Pmc. Hoy. Soc.^ HKU, 68, 
97 : W. X, lliirlit^v, IV««. /%. Ihtk Sor., 1899-1992, 9 , Ul ; Pme. Hoy. Hoc., 1911, [A], 


8s27b 


. ft mi., IHIHI, 128, 7irn 


See nlnn Hartley, PnH\ Hoy. Sac., 1911, (A], 
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massive lauik cif stuokr hi Ltaidoii has bt-rii snii h* n^r fu ;t lirii:!il of 
scvt‘ral tluHLsmul iVel ami hr earriisi away in a siiitiiiihl trat! 

fifty’ lailes in Kneeht has exananed Manrla slrr Hitnf iiinl finiK 

iu it somt* at) pt-r oi' substnuers that ar«' nut rarbt*u, Niieli as salts tif 

ainianniuin, ealtnutu sulphatia anti thf like. Is^m I la' |iiiri'st atiiiu* 
spluax's tamtaiu parlieles tif tiust, anti Aitktii tfoiibls il a pt'rtniiy thist • 
free atnmsphert* t‘an t‘xist. It is ran' tti lint! air uith IrwiT tiuiii lull 

parlirh's nf tlast per e.e. hi laanhai it may ris*' !*» IlHI.liOli nr taen 

partit*li*s pt'r va\ FritlhuMler - fiinml *iunu paiiielrs pn* e.r, «tf 
air an (‘russiniif the Atlantit* ih’eam t»n ttie \bsht«'rraiir»m Stsi HTa, the 

lnvv(\st results htang tthtaiutHl tan the Faeilit* ami Iiiili.in tleiaiiis, the 

particles nutuherin^^ 2-la utiii 2-l.’l respectn riy. Siiiiilarly. ’^biamlrr 
lias stiulicil tlu* ilust nf Swiss air, but iiem-r leuiinl |« ui.-r than «lflU 
particles per can 

hi the fullnwinit taiile arc |4l\ell stuuc ut tlu*tla!a. t»blaiiu»l by tluiiis ^ 
tm the Xnrfolk C‘uast in u scrii's <»!’ tests ilurnc* \ie'iiHf hcjl • 

EXAMINATION OE AIR Xl HOLME. NOHEOEE. 

(Out ns. IU22.I 
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It is interestin|4 iu this enuiieetioii to reeull the experiuinits of 
Lehnuimi and liis colleagues whodemoustridaal <|Utte rrtaailly tliiit w lieii 
a dust-ladeu air is breailied through tlu* nose. aji|iro\iiniiteIy Itl per rent, 
of the dust rernaius in tlie system, either in the liiiigs or staiiiiiieli, the 
retnaining hO jit'r cent, being eiilier respired or retiiinul the* iitasr iiml 
mouth. If, however, ilu‘ subject lireathes tlirougfi the moiitli soiiie 
80 per cent, is retained by the liody. This illiist rules the iiiipnriimer 
of breathing through the nosi% hutdt idsii ilhislraf.rs I hr fireessity of 
reducing the dust iu the atmospheres of public rooms anil ihvrltiiigs to 
the smallest possible am-ount, as no mattiT how cfirebil tlie stibJtaT is, 
some of tlie ilust linds its way into tin* system, 

* Sw C'oltw Pindi, llmifr (Abteu Uivt^rs, btd., HHm|, p, til ; llulis-il. i'tm\ Pmuf t$mi 
Vnrnbh Xw*., Ne. :i ; imi,, HtpJ, -1:13. 

® K il Frirllancler, QmtrL Hmf. Mrh *SW.. Julv* IHWl 
Ct M.dftudt'T, Im ('tntfh'nmttitm tir In Vitprur f 

1897). Hiiti aba Owaiw. Xw:. f/Arw. /mt, 1922. 41 . 4:iH li. 

^ OwariH. Pme, i%. XVr., 1922, [Aj, lOl, IH. Hwoibr* Wliiiiiilr. Jiiirr. J, pfililiV iMtii, 
1919, 3 , 1199. Bill,./. !ml 1919, 1 , 7. 

*' K. B. U'hnmnii, V. Sait«>, ami VV. tlfrurer {Anlm\ /iy^irwr, 75 . Ie 2 4r»9|. 
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Bacteriology of Air. -Fresh air contains a number of micro- 
Fffeiniann ^ liu(lin|jf some 250 per cubic metre of air in the 
opiii fiehts lu^ar Rostock, anti 4-50 in the University yard. Most of 
these, iiowt'ver, art‘ probably spores of moulds and yeasts, and of the 
iKieteria propta' in tiu* air t.he majority arc saprophytic and not 
disease pr<Klu<*in^^“ Kijanitznan found that by supplying sterilised 
air to rabbits the metabolic functions were reduced and the animals 
wasteil away. It, s(‘ems rtaisonable to conclude, therefore, that tlie 
atuuwpherie mit*ro-organisms play a useful [>art in metabolism. Possibly 
their special function is to providV tlK‘ bl(K)d with fca*meuts for oxidation 
purp<»ses, sinca* in their absence th(‘ oxidation changes in tlie organism 
appear to la* diniinished, and an ace\unulation of waste products or 
hnu*omaines ocaairs. Sitaalisation of jua-ftadly frc‘sh air su])plied to 
buildings is not thend’ort* to b(‘ recomnuauled, and herein no doubt lies 
a pot cad (‘utisc of the* depr(‘ssing effect produ(‘ed by air that has bcaai 
artiiicially ht'uUal the (a>use(iuent sterilisation, coupled with the 
dt‘st met ioti of crzoiu' and pca'oxides, ]>roducing a la,(‘k of crispness. Whilst 
the spores of moulds arc* light and can remain lloating in the air, the 
bacteria arc* lu‘avy and arc* usually found adhering to particles of dust, 
('cynsecjucidly the* air ovct the st‘a and lugh mountains is [)oonT in 
baederia than that in towns. 

The dust of puldic* buildings coid-ains vast numbers of micro¬ 
organisms, and many of t hese* are not nu‘rely d(‘lrimcidal but j)ositivcly 
dangt*rous. 'rims ('ornt‘t^ found the* tubc'reU* ha(‘illus in the dust of 
dw<*llings, and showed that this may easily ])rov(‘ a sourc*c‘ of inr(*eti()n. 
Uhcuirexamined dust from inlVetc'd barra(*ks and found no fewt'r tluin 
I f million typhoid bacilli ]H‘r gram of dust. ('Ic'arly, therefore*, c‘ither 
all dust should he* removc‘(l, or else* all op(‘ra.tious tc‘ndiug to raise the 
dust should he avoid(*d during occupaii(*y of iidiabitcd l)uildings. 

Buchan mentions that** itc an cvxpc'rimcnt in the* High School at 
Dundee* with one* of the* ehrss(*s in a room, undc'i* ordinary eouditions 
the* organisms anioimtc*d to 11 per litre. Upon the boys l)eing told to 
stamp with th(‘ir fc*et u|H)U the iloor, a cloud of dust was raist‘d, when 
upon being testc'd tlie atmosphere of the room showed 100 orga.uisms 
I'ler lit.n*/’ 

Respired Air. It has long been known that respired air is im- 
suitaldt* tc» sup|K)r{ human or animal lift*, and the (juestiou is wliy V 

Assuming rc*spired air to have* the* eonqiositiou 


Uarhon dioxide* 

4, 

5 per cent. 

Oxyge'U 

. 15 

j j 

Xitrogcui 

. 70 

•> ■» 

W'ater-vapour 

5 

"> ■> 


it is not at first sight (*asy to understand why it should he uuwhoksomc, 
'Fhe oxygen eontent is suliieit*ntly high, foi* 'vve* have* alivady seen that 
vwn 1 i per cent, of this gas is um|>le for normal respirative [mrposes.'^ 
We c*anuot tiu'refore complain of oxygen shortage*. Neither can wc 

^ UtMitutiin, Archiv. Uygienv^ IHHH, 8, 202. 

® AiielrcnvH, Trann, rath. aSoc.^ 1902, 54, 42. 

‘ J. iL Kijiwutsfiiiaii, VircJionfH Arch 1900, 162, 515. 

* (’cjnitit, ZeitMch. Hygiene^ 1889, 5, 98. 

'' QmitcHi by Bueshun, Ventilation (Cre^aby, LoykvrcHKl & Sou, 1902), p. 120. 

^ Buehaii, ciL^ p. 119. ’ See p. 1(5(5. 
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argue that tlu* earhoii tlii>xitie is t-xeessivr. fur M tii Ici iht initt. of thr 
pun‘gas may tn* hrmltuni fi>r prutrat'ttal prriiHts witlmiit aii\' iitjnr\,^ 

BrowioSisiuard ami li'Arstiuvn! ^ in USH!» romiiitinl. from a, Miirs of 
experitui’uts* that, respirinl air eiaitaiiis small (p.uiiititir-s of a |Mi\vrrful 
iU'gaaie poisuiu aiul that the uusuitaldem-ss tU' it tor furtlier respiration 
lies, not so mueh in its earluin dii^xitle taintenf, ns in titi* pre.sriitn* of this 
orgnuie toxin. This view was ,suppi»rteil h\ Merk^T^ m Istei, Imt sima- 
then a large number of physioh»gists ^ have brought itjrtta,ril a baanitlahle 
array of a.rgunu*nts, imlitaiting that the unwhtdesoim' properties of 
respired air may In* more nsidily explained in otiar ways. Let us 
hritdly cainsicier thesis 

Tluax' ai*t‘ at least thri’e important faefors to eonsidrr. 

1. 77/e iNjlHrmr of Mmslurt' on Hrsinratinn, The pri'sener of 
moisture in air lias a two-fold nidioii upiai res|nriilion. 

First, tluTi' is the very obvious faet that if warm air saturated wtf.ii 
moisture enters the lungs, the latter w'lll tiave great dilbeult) in tiiseharg- 
ing their superlluous moisture, nml a sense of o|tpression must result. 
This (‘xplains tlu* heavy feeling produi'ed upon entt ring iittf laaises, in 
which the air, apart from its moisture eontent, is |ierfretly good, and \ t ry 
frtT from earhou dioxide, i'oltl air, even if sat unit nl wdli moist una will 
not have anything tiki* tfie same tdfeet, for nptai riiti rmg tht* lungs the 
tempia'ature rises proportitutait'ly highta*. am! t!ie air is thus able to takt* 
up inu(*h more moisture before beetimmg safurntrd, Iht relw alltoving 
tlu' lungs full <ipj)oriunity to relieve Ititiiisi U i s. St t’omlty, air eon 
taining moisture (‘nnnot take up earlion dioxah/ from tin btoiHl as easily 
as dry air/’" eonsetpuidly the ventilation of Ha lungs is litanlrd by 
inlialing moist air. 

Thes(‘ two factors working togt tla r are suttiea nt tti slaiw that 
respired air, hting saturated with moisture at a warm ti iu|« rature, 
(‘iuinot Ih‘ wiioic’some, and L. K. Hill ** ami Ins eo workers n gard tlie 
moisture eontent as the main eause of the elisiaanfort of ill vrntilnled 
buildings. 

2. Tht IhJIhvhvv of ('tirbon Dioiblr oh UtspiroHoH, !^Itiiti*»n has 
hiHii made of tlie faid that n*tativt4v tlry air eonlaiinng H to in per ei nl, 
of pun: (‘arhon dioxide cam be bri’atlnsi for a long tune with imjiunity. 
For file reason given in tin* |mredittg paragra|iln ia.oviwet% it follows that 
hrealhing warm air both saturated with moisture and eonlaiiiiitg some 
carbon dioxide’ must In: nttemltal by a greater diflii’ulty in wtttilnling 
the* lungs, and that a fwopoiiionntely smaller «|uantity of earbon dioxith' 
wall be (‘apable of btang bread lied with impunity. Hiimr respired inr 
may eon.iain anytliing from i to .#• t per c’t-nf. of'tlns gas, d i% easy to 
underst4Uid how this may be tin’ jwiteid cause of the Iiyperpiicen and 

^ Kcte p. 172. 

BfowtnSiHiaiirtl, (umpi* th mi,t tHHIl, io 8 , 267 , ii termed 

Aiithrtma*T<ixin.’* 

‘‘ Merkel, Arehiv. Hygimr, lHU 2 , 15 . 

‘ wkI Nowmili. Pjimjtrn Arrho., 1x76, 5 , 0 .; Arri»i% %i|iriir, 

HH3, i. ; Diwtn^ ami L>ye. AV, H'mUmo, tHHH i von Iti.famiiii WHIeiilti.f. ir»r».T7oi. 
n othpim hf ift, IHHH; . 1 , in*ym\ Jithtr^ftt r, Thh irhrm,^ IMHII, sis. ; l 46 iti»iiliii «iiii 

IHIHI, ,x. I litni, y*, Ilipfit n* «, iHiri, ; llaiirf, 

y. Ityyttfif’t IHIW, XV, ; l4iblM*rt iiiiil Pefern, Htfijit H, I HIM ; dwVI,, 

1897; Ho,sprmgp’iMkf ukmh-tmt^. I’M, I'hIWI; P^niiiinrk. Atrior, !!mm-m\ !!««». 

3 S, J ; Haldane, cde. ' * ' 

^ refereiice«, p. 171. 


** L. K, Hill, iViic, i*hymuL Ilf 10, iii. tn \iii. 
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}ica(laclu% rcsuiting from iiihahiting ill-vcntilated rooms. Haldane and 
Smith ^ an* e\i(h‘ntiy <»r this o[)iniom 

3 . 77 /e InJIui'Nve tif Materia! aa Ii(\s'j)irafiaa. "riu*n* (*an be 

no reasonable <i<aibl tliat expired air (‘taitains. in addition to moisture 
and (*arl>on dii^xide, stane ort^anii* Inxlies of mon* eom[>l(‘x eomposition. 
Hius Weic'hardt " hnds ttiat by breathiujL? into distilhal water, or better 
still, into |^Iyc*(*riae,'^ a potHh-rabh* n‘sidui* is obtaiiu'd upon t‘va[)oration, 
which eontains ori^anic products of hi^h molectdar wei/^ht; and numerous 
otIu*r iuvi‘sti^^at<n*s have tdund evi<leu<*e of orji^anic matUa* in respired 
air. It is no doubt this, tt)^a*ther with (‘xhalations from tlu* mouth 
(consec|Ucnt upon bad teeth), and secretions from tiu* skin, su(*h as 
pt'rspiration, etc., whi<*h * 4 iv<* an unpleasiint odour to tIu* air of ill- 
\a‘ntdated rooms, tendin*^ to pnalma* si<’kness and faintness. 

The above tlua*(‘ factors are (|uitc sidlicient to a(*count for the un- 
whoh‘so!ni‘ness of n*spired air without asstimin^^ the* pnst'uct* of auy 
particularly toxi<‘ <u‘|^anic» |H>isons ; aiul wlien it is r(‘m(‘mb(‘r<‘d that, in 
addition ti^ t!u‘Si*, micnj»<u*|fani.sms tjf a harndVd nature art* hurl(‘d into 
tlu* air by people MU*e’/.in|jf, cou^hinjjf, spitting, and t‘ven talkin|^, the 
nec<l for v<*rv thoroiu(h and systematic ventilation b(‘com(‘s (‘vid<*nt. 

How much Fresh Air must each Individual have ? In ve ry 
warm weather tlu* windows may be thrown wide open an<l tlu* air of 
rooms madt* almost as fmre as that otdsidt*. But on <‘ 0 (d(’r days \vlu‘ii 
artific'ial hentin|f is ess(‘idial and draughts must In* avouled, a, c(‘rtaiu 
anunud of vitiatitm of tlie air is uunvoidabh*. Tlu* (pu'stion wliich now 
arises is T() what exterd may that \itiati<m In* p(*rmitU‘d without 
liarnd’nl t*ffi*cts ? It is rcasouahlc to* assuuu* that if tlu* air of a room is 
so pure as n<d to affect tlu* sense of snu’ll, \vhc*n a person t*idt‘rs it <iire(*t 
from hn‘athin |4 the fresh air outside*, tliere* <*aimot be nmeh w'ron|i: with 
it prewidisl, of course, the only impurity likc’ly to l>t* prtsseut is n’spirt*d 
air, and not inodorous ^nist‘s such as ptux* carbon dioxide* obtained from 
chemical sourt»es, tu* <*arlH)n moimxith* fnan heated stcn'cs, c*t(x, whi(*Ii 
eases have m» ae*titm upon tlu* (»ira«*ttn*y m’r\(*. !)<* Fhaumont investi- 

l^ate*d this limit very t*areAdly in 1 K 75 , and <*on(*Iu(h‘d that, on tlu* 
ave*rage, air eontainin^MUtUi per cent, or more of respired (*arbon dioxide 
possi*sseH a detts‘tabh* odour, d'his, of eauu’se, depends upem a variedy 
of factors, such as tlu* humidity, tempe’rature, sensitivt'iu'ss of tlu* nasal 
eu'gan, and last, Ind by no means h*ns{, the personrd cleanliness of the 
pi‘rsons wlio have* been ln‘c*uthing the air. Tins must be evident wlu‘n 
we remember that it is md the purt* <’arbon dioxidt* that w(‘snudi, but 
tlie orgauic* impuriiii'S respired with it. Let us, h(wvc*v(*r, tak(* U *02 p(*r 
eeiii, <if earbon dioxuh* us the maxinmm umotmt of n‘spir(‘d (‘arlum 
dioxide that ought t(i be permitted iu tlu* atmosphere of inhabited 
rooms. 

In iwder tn dt*termiiu* the anuamt <if fresh adr tti he supplied to eaieh 
individiiid on this taasis we r(M|uiri* to kiiow the auiount of earlmu 
dioxide exhiiled per luau*. 'riiis Uiaiy bt* staitt‘d roughly ais iii table 
on |K IHH. 

As am aventge for a mixed community we nuiy take O-O <*ul)i<! feet. 
If now WH* divide this lay tlu* permissible respired impurity, namely, 

* Hiiittniii iuif! Smith,./. /Va/i„ Had., 1892, I, im. 

Weielmrdt, AreMv. liygknft 19U, 74, IHfs 
^ Wtdishttrtlt iUid Stottur, ibid.^ UH*2, 7S» 
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0*02 per cent., 
namely— 


we have the amount of air recpured per liour per person, 


—-— ==3000 cubic feet per hour ; 
0-0002 


and this is the standai’d generally iidoi)ted. 

For general purposes the ecpuitiou may hv expressed as 


C 

11 




where C=Amount of carbon dioxide exhaled by <-aeli perstai per 
liour; 

R = Respired inpmrity that may l)e allo\y(‘d ; 

F=Amount ot fresh air requiretl, in eid>it* i(‘c‘l per luair. 


For children we have 

--^—=2000 cubic feed, pi-r hour. 

0-0002 ^ 

The U.S. Book on School Ar(‘hile(‘lun‘ allows only hall this atnounl, 
namely, 1000 cubic feet per liour for ehihln'ti. 


individual. 


('ul»if nt’ < 
Diovidi* <’vhjdfd r 
Hnur. 


Adult males in lu'avy work 
Adult males in light work . 
Adult males at rest . 

Adult femak‘S at rest 
Children 


I -S i 
O'Oo 
0-72 
0-0 
0-i 


The Influence of Artificial Light. Tiie eliemieal changes iadm-i-il 
by the combustion of coal-gas, as a source of arlilieial illmuinatioin 
may be enumerated as follows : 

1. Oxygen is coiLsumed, each cubic fool, td* coal-gas using up 
exactly its own volume of oxygen during <‘ombustiond 

2. Carbon dioxide is produced, I euliii! loot of c-oal-gas yii-ldiJig 0-1 
to 0-5 cubic feet.^ 

3. Water-vapour is evolved, 1 cubic foot of gas yielding at tun’itial 
pressure and room temperature approximately 20 grams of waterd 

d. Small quantities of sulphur dioxide result by the oxidation of 
traces of sulphuretted hydrogen, etc., normally present in etinhgas. 

5. Organic impurities are iucineraU-d by the llame. 

From (d) and (5) above, wc gatiier that if suOude-nt air is foHliiaHn * 
iug to supply the necessary oxygen and to dilute down tlu- carbon 
dioxide, a coal-gas llame should be more healthy than «-lretri<* imxm- 

1 The mean of many experiments carriod out by the ^vriler on Wort-cMii-r C!ily eunl 4. 
Rideal (next reference) gives 0-0 c. ft. carbon dioxide and 21)5 graiuH, i.r, UM* graiiui, »•! 
water for London coal-gas. 
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(lc‘sr«‘nt laiu|K. This has, in practioo, proved to })e the case. The 
sulphtir diexidt' is |H*c»st‘nt in too minute a <|naniity to injure liuman 
iM'inas, hut, aee{a*(tini.»: t<» Uidrald it ean and does’h‘nd to purity tli(‘ 
air, an<I in oonjunetion with the ineineraiin^ a(‘tion of th(' tlaiue it 
rcciiMTs Xi^ry st nsihly tlu' niita-o-or^’anisin eont(*nt. Ilaldaiu'draws 
attenticai to t he small \iliat ion of air })rodueed wlaai in(‘and{\se(ait <^as 
mantles are ustahas (‘ompanal with any otlaa* I’orm of eas hiinua'. This 
is attrilaili'd tu tin* \‘erv eomplc’tc* eouihustion of tlu* ^’as on Mu‘ surface^ 
of tht* manth“ and to I lit* ineiiua'atin^ a<‘tivity. 

In additi^m to th<*se <*hemieal (Th'ets, W(‘ ha\a‘ two important ])]Tiysieal 
faefors ttM’onsider, namely 

( I ) Tin* rise* in t empta-attn-e of th<‘ air ; and 

(2) 'file consequently im‘r(‘ase<l ra}>idit.y in Ihr eircadation of the air. 

liy ha\ ine artilieial yas lights ah<)V(‘ the lusids of tlu‘ inhabitants of 
a room the warm air is imp(‘lled upwards, and if suitahh' eialin^^ 
ventilatmn is prinithsl there is eonsiderahly i(‘ss dan<r(>r of tlu‘ had 
air eooiini^ and siidiiity, and thus viiiatine* the purta* air h(‘low. In th(‘ 
ahsiiiee t»t iUHa! eeiliij^ saaitilat ion, t,h(‘ air cools msir tlu‘ walls and slowly 
cass ps down t hem. 

it is eustoinary It) r«‘aard, iVom th(‘ X’entilation point of vi{‘W, tlu* 
pH'seiua* of a ‘>as flame as tspuvah'id to that, of a. d(‘lhiit(* numlu'rof 
persons. As we liaxa* alnsady hsarned, howcu’er, it is tlu* organic* ini*- 
puritic's as well as (he nuasture and (*arhon dioxid(‘ content which 
renders respin-d air injnrious. (onsecpiently wx oueht not s'fricfly 
sjft'tiliUii* to express ^nis flames in ((‘rms of p(‘opk*. For tlu* sake of 
(‘onvtadenee, howtwer, and tor want of it ht‘tt(*r nu‘tho{h W(‘ must 
continue to do so. It is tisually ajLcretsl that Od ]U‘r (‘(‘ivt. of earhon 
ditjxidi’ produe<‘d hy c'omhtisiion of eoal-eas, and h(*n(*t‘ a<‘(*ompani(‘(l hy 
wjderwapour, is as much as oueht to lu* }u*rmittecl in tlu* air of a room. 
Such heiuir the ease, an avia-aya* burner, <*onsumin^^ 5 or <> euhie r(‘(‘t ot 
per luHtr yields fnan 2*.^ t.o *2 <‘td)i(* rt‘<*t of (‘arhon dioxide, nud thus 
rt'qtiires foan 2500 to .2000 enl)ie feel, of iVesIi air |H*r horn*. In oth(‘r 
w«a’ds. in ealeulatiipr the* air recpiirc'd, u ^as llann* may he lak(*n as 
numeri<*ally e(juivalent t<Mi human luan^, 

Air a Mixture, As has already lH‘<‘n mentioned, tlu* appan'ut 
(‘(Histaru’y of eonquisition <»{’ tlu* atmosphere h*d many early chemists to 
belie ve tfud it was a tiefmite* cuanpotmd of c>xy;jft*n and nitro^t'U and not 
a nu c*hanieal uuKt urt* of tiu’se tw<»^ases. When later and more* ae(‘nrute 
amdyses of air were made, however, sttiall hut de(‘ided variations in 
the rt'hdive proptH*tions of its oxyiunai a!id ni(ro^n*!i W(‘r(* (ound a dis- 
eovery that elispeesed entir<*Iy of the sujUfjj^estion that air is a eompomuL 

Se\eral ot fter lines of aripiment point to th(‘sanu* eoiu'hision howt'ver. 
For example, when air is shaken with water (‘aeh eonstitu(‘td. diss()lv(*s 
to an f*\tf’nt ch*|)eudent upon its own solubility and partial pnss.sun*. 
Since oxyifen is approximately twice as soluble in wat(*r as nitro^'cn, 
the dtssoh'ed air is sli^ditly rieiu‘r in oxyijfen.*^ If air W(‘r(‘ a. eomj)ound, 
<nt lilt* other hand, Hu* |^^asc\s would dissolve* in Hu* wat(‘r in the same 
propetrHons as they e*xist in tlie free air. 

* Aee rxcrlliait aaaaeiir <»a the He^Iativc ny/^iemic Valnen of daa and Electric Taght- 
llidcfil, ./. /tVa/. XVoa hist., I90H«-HM)9, 29 , 51-l.*i2, 

Hiddaitf*. ./, HM) 2 , 2 , 414. 

■'» AelviiiUttgc lii«‘btsae tiikcti eif these properties to separate oxygen from nitrogen 

comawirciiJily, i#e p. IS. 
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When oxygen and nitrogen gases are iotcaanixed in th(‘ r(‘Intivt‘ 
proportions necessary to form aii', no heat is S(‘t h’e(% \et tiu* u'snUiag 
mixture possesses the properties of pure air, and its eonstduents aduut 
of separation again by means of diffusion. It si'ems highly improhaldt% 
therefore, that a compound can liave hven i’oruu'd. 

When air is liquefied and siihsecpiently boiltah a vaponr rich in 
nitrogen gas is the first to escape*, leaving a li<pu<! proportionately 
richer in oxygen.^ If the air were a <*onipound, honevei, tin* esiaiping 
gas would have the same composition as tin* licpiid. 

Finally, the properties of air, whether in tin* gaseous or litpiiil 
phase, are intermediate between those of oxy^vn and nitn>gen re¬ 
spectively, thereby suggesting a mixture, for, as a geiu'ral ruh*, c‘oni“ 
pounds do not resemble their components c‘it h(*r }>hysieally or (diemieally. 

GENERAL PROPERTIES OF THE ATMOSPHERE. 

Physical Properties of Air.* Pure air is a fast elt*ss and inodorous gas 
which appears colourless, except in very det*p layers wlu‘n a faint him* 
colour is visible, which has been attrilmt(‘d to its (r/.om* eonttiit. Endt‘r 
normal conditions of 760 mm. pressure and ()‘' 0., tlu* weight ol a litre 
of air varies, as a rule, between 1*2927 and 1*29JJ3 grains/*^ tin* variation 
being attributable to the fact that tin* air has not a periet‘tiy eonstunt 
chemical composition. For this reason it is useh'ss to dt‘termint‘ witli 
great accuracy the density of a gas relatively to nlr unless tin* (huu- 
position of the latter is simultaneously ascertained.*^ For nuKst purposes 
a mean value of 1*2930 at 0° C. ami 760 mm. will he a .su(I‘n*ient ly ai‘eurute 
figure to adopt. One gram of air under tin* above eondit ions will oe(*ui>y 
773 C.C., and its density with referenee to hvdrogt‘n is I b i t. At la i\ 
1000 cubic feet of air weigh 70*5 11)., whilst 1 lb. of air oe<*upies 13’(»7 
cubic feet. 

The more important determinations of the weight of I lito* of air 
are given in table p. 191. 

With a knowledge of the density of eacli constituent of the air it is 
possible to calculate the relative proportions of nitrogen and oxygen in 
the atmosphere ; but such calculations at first imli(*att*d more oxygen 
than could be found by direct analysis, and not until the diseovcTV of 
argon was the cause of the discrepancy reulisc‘d. Knowing the density 
of oxygen, nitrogen, and argon, the pro])()rti<)n of t lu'se gases in t la* at iiu»- 
sphere can now be caleiilated to lie as follows : ^ 


CALCULATION OF COMPOSITION OF AIR FROM 
DENSITY DETERMINATIONS. 



Weight per cent. 

Volume |M*r cent. 

Oxygen . 

23*2 

21*00 

Nitrogen . 

75*5 

78*00 

Argon 

1*3 

0*94 


^ Advantage has been taken of these properties to 8€>paratc^ oxygen from nitrogf'ii 
commercially, see p. .31. s See Giiycx J. Ohim, HIH, is, fall. 

See Leduc, Gompt. rend., 1893, 117 , 1072. ^ LeJuo, (JompL rtnl, 1890, 123 , HUfi. 
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WEIGHT OF 

1 LITRE OF AIR. 

WVight id 

1 litn* of Air 
at X.T.P. 
(drams.) 

lti*mark'<. 

i 

! Autliority. 

I 

1 -‘Jiris 

i^U’is, g. 9S0*dU5 

laslue, /w/g//av’r/ag, 1919, 108, 509, 

1*2927 

1 *2932 


i (iermanm Ctntipt, irnd,^ 1913, 157, 
92(1; J, ('him. jdn/s., PJM, 12, 

I (10. 

i*29ao 

Mean (»f 30 (h- 
terminations 

! (hivt*, Ko\aes, and Wourt/a*!, ('ompt. 

; /rad., 1912, 154, 1 12 K l5Ht. 

1*29315 
1*29330 ' 

Paris . 

i bedu<‘, i'tmipt. /r//d., IS93, 117, 

1 1072 ; 1891, 113, ISO. 

1*29327 j 

! 

.. 

Bavh'igh, Prae. litHj. S(h\, 1893, 53, 

; 131, 

1 

1*29351 


1 

! Jolly, 1H80 (given by Rayleigh, 
j Uh'. vit .). 

1 *29391 

1 *29313 

1 At Berlin . 

1 Over sea, lat .51 

1 Kohlranseh, Atuuden^ 185(1, 

I 08, 178. 

i 

1*293(11 

1 *29320 

j Berlin 

1 Paris 

i 

i I^aseh, (*hvm. Znitr., 1852, p. M8. 

i 

1 

1*29317 ; 

1*2*1319 

I 

; ** • * • 

i 

1 Hc'gnanlt (1817). 

i Hegnanlt, eorrected l/y ('rafts, 

1 Pom pi. irmL, 1888, 106, 1002. 


That th(' nil* imssvssvs wri^ht was appurantly first r(*(H»gnise(i by 
Jean Iby,* r. HUiO, an t^bst rvation that was (’onfirnu-d by Tnrrinnlli in 
Ml III atui by Fasral in MMH. Hay mailt* his dis(*nvary by ob.sta'ving that 
tin, nn cahnnatinn in air, iniaa-asipjR^AVeillhtri./^M'vd thm antiaipatnd tha 
results iif Lnvnisinr by p^**HrKy,nyH*|ditfy l'i|dC* TnrritH‘lli JankUal 

tht‘ prnbltaii in an tnunihn*. ' Iitd llikai wil}i ^iner<,|nry 

a glass tula*, idnstal at dnh and and measuring snmt* il feet in length- 
Wlaai the tube was inverted with its ojHin y!i|tl,c|i|)ping undcT nu*reury 
in a trnugln tin* tula* nn longta* remained ittlnd 4vnh tlie licpiid, It held 
a enlumn of mereury some 30 inehes in hiaght, Init above* this tin* tube* 
was iiiipty. This spaee came to be known as tin* Torrieellian vacuum, 
and its discovertr (sirrecdly attributed its formatiem to tin* fact that the 
open air acting on the surface of the mercury in t lie trough is able to 
support by its prtmtirc* a colunm of mercury of dc'tinitc length, and no 

* MiUiriee Potit, fk Park, 1907. 
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more. Pascal extended Torricelli’s exix-rinu-nts hy <Mnpluyi>i- luhes 
filled with other liquids sucli ns od, nU-olml, ninl water. In ‘ *'•'* 

he found that the height of the eoluinu o liquid sui.|».rl<-.l I.n tin .1 
was inversely proportional to tin- liquid dmisitv : in other 
pressure supiwrted was constant, irrespeel lye ol t he eheiiueal <-oni|>oMt n n 
of the liquid. Pascal also surmised lliat il air is a poinlerahli- lluui. it 
will exert a greater pressure at sea level than on tlie top ol a nlountniu, 
and that this difference shoidd Ik^ <‘a]>abl(‘ of nu‘asurcmeHt hy nhser\ 111*4 
the relative heights of niereurial eohnuns iii sn(‘h nations ^ Kx|HTnnc'id 
proved this to be the ease. Hoyle ehristtaied I orneelli s tnln*, c‘on- 
taining mercury, a barometer,^ and it is customary t o expre^ss (he pressure 
of the air in terms of the height of a (‘olunm ot nwremy winch it is 

capable of supporting at any moment. u-. 1 

The pressure of the air, as already nientioiusl, varu's with altitude* ; 
indeed, at one and the same place it d(K‘S not nauain constant in cam- 
sequence of variation in composition, tlu* in{hH‘ncc ol wind, ' ^ ^ 

standard pressure, known as an afniosphere, has Ihs’Ii (*hosen. 1 h«* 
British unit is a column of nna'cury 29-0(15 inches in height, jneasurrd 
at 32° F. in London, and is (‘quivahail to a prt'ssnn* I 1*75 U>. p« r 

square inch. * i * 

The metric unit is a eolunm of nu‘r(*urv 7<)0 nun. (20-022 inches) in 
height measured at 0° V. at s(‘a. kwa*! at: latitmh* U> . I he dt-nsilx oi 
mercury at 0° C. is 13'59(), and Mu* acceleration due to gravity at sea 
level and at latitude 45° is 98()-(>0 cm. ]>(‘r s(‘C-. Uema* tlu* value of 
the metric standard qf prc'ssnn* is 

7G*0Xl3'59()Xf)S()-(H)-1013250 dyn(*s per sq. eni. 

which is equivalent to a. W(‘ight of 1033-3 grams per s<(. <*ni 
atmosphere is 0*990()8 that of tlu* metric unit. 

The total weight of tlu* atmosplu're is a]q)roxiinately as follow 


'The British 


Nitrogen (including argon, C‘l(x) 
Oxygen .... 
Carbon dioxide . 


't'otlM. 

t.Otl.t’Ott.tXHMMtO.dOt) 

.•5.ir>(!,()()0.000,0<)0 


Except at pressures hut little rt*moved from atiuosplierie, air d«H-s 
not obey Boyle’s Law. Regnuull,*-^ wlio was the first investigator to 
obtain trustworthy results, found that air deviated apfirecaalily from the 
Law between pressures of 1 and 27 atinos|)heres the range use<l the 
gas being more compressible than the Law d(*inands. Sevc-ral otlun* 
investigators then took up the work, tlu- most important expeHnu-nts 
being those of Amagat,^ whose resiilts are givt-n in tlu* folknving tabkx 
(p. 194) together with tlic data obtained hy him for oxygt'U and nitrogen, 
The results for oxygen and nitrogen arc shown diagrannnatiixdly in 
fig. 33 together with curves for hydrogen and carbon ilioxidc for flu- 
sake of comparison. 

It will be observed that air gives results intermediate* betw<‘(*n those 
of nitrogen and oxygen, as is to be expected from a mixture of the two. 


^ See New Experiments on Cold, 1664-1665 ; Boyle's Works, 1772, vol. 2 , g. 4B7. 

2 Regnault, Relations des Experiences, 1847 ; Mhn. de. VAmd,, 1847, 21 , 3211. 

^ Amagat, Ann. Ghim. Phys., 1880, 19 , 345 ; 1881, 22 , 353 ; 1883, 28 , 456, 464, 4 HO. 
His results are summarised, ibid., 1893, 29 , 68 . 
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At lirst the* valiu‘s for l*V talL tin* atlraction the inolecniles 

causing tiu' ixnsvs to he nion* (‘oinpressihlt* than Boyh‘\s Law demands. 
As, how<*V(‘r, thr pressure' iu<’r<*ases, the* vohmu* (*eus<‘s to eontraet: in 
slrit'i proportiouality, siiu*e the dimensions of tlu' moleeuk's tlu'mselvt's 



iH'^in to make themsc'lve-s felt. The i^iis thus heeeanes It'ss eomprc's.sihle 
than the law demands. 

Ah the iem|ierntnre fulls, air shows an evt*r iner<*usinj( iendem’y to 
deviate from Boyle's Latw. This is wt*ll demimstrated by the reHiilts 
of Witkowski ^ given in the table on p. 1P5 and shown diagrammati- 
cally in Fig. 114 . 

* Witkowffki, i*kiL IHIHI. 41, 288 . Further diUft nre givim by Mollwra aad 

Holuiltov i%#fL IfHfs 47 . 1089; 1910. 3 X. 945. 
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()XV<iKN. 

RELATION BETWEEN **‘^KSSUIUC ANI> Ol-' 

OXYGEN, NITIUXJKN, ANO AIR. 

(Anmirat, ISW.) 


Pressure in Atm. 

PV ai0“( ’. 1 

(Oxygen). 

1 

1-0000 

100 

0-l)2(>5 

200 

0-9140 

300 

0-t)()25 ! 

400 

1-0515 

500 

1-1570 

1000 

l-73()0 

1500 

2-2890 

2000 

2-8100 

2500 

3-32375 

3000 

3-7120 


PV at ti t‘. 

p\' At »» e 

(Nit rtn-rui. 

t \sri. 

l-OOOO 

i ‘ntHHi 

09910 

11-‘1730 

i-oniHi 

1 ■nilio 

M30O 

i'Oo:5 

1-2570 

1-21 15 

1-3900 

P-3t00 

2-0700 

l*09t»ti 

2-72025 

2'ti3lO 

3-3270 

:i'22«Ul 

3-!l200 

3-79125 

4-1070 

■1-3230 


The vican xpccific hmf of' air at conslaiit pr. ssiir. iim s vuth the 
temperature. The most reliable data are thos. m tit. t.il.l.- oa 

p. 195. 



Fig. 34.—The comjwBHibility of itir (\Vitki»wi^ki* tHlWf, 

The variation of the specilic h(*at. at <H*nsiant jirts^iin- nvr-r ii 
of 1 to SCO atmospheres is naidily enlenlnit d * lor a itn ini tiiiiprnitiin* 
of 60*^ C. from the formula 

where p represents tlu‘ pressure in atmospheres. 

^ Holborn and Jakob, ZdUch. Vermi, tbuL Imj,, 11117, Iji* I4 ii; IfiM, $8, Il'ill; 
Sitzungsber. K. Akad, Wisa. Berlin, 1914, p. 213. 'l*bo Vititii-s-j by 

(Nuovo Qim,, 1894, 36 , 6 , 70, 130) ap|K 3 ar to b<s 
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Pn'SHui’t*. 


THE (X)MPRESSmiLITY OF AIR. 
(Wit k(»\vski, l<S!)(i.) 

Viilui'.H fur I’V (it 


(Atm.) 

Mcr i l 


7M*:> ( 

0 ‘ 

j ir>‘ 

1 100 • (!. 

1 

()• 48(12 

0*5229 

0*7119 

1*0000 

1*0587 

1*8<)7() 

10 

, . 

. . 

. * 

0*9951 

1*0550 

1 •8(i78 

20 

0‘HHOH 

0*4410 

0*0778 

0*9897 

1*0509 

1*8091 

m 

o*noon 

o-aono 

0*0599 

0*98 1.2 

1 *0 1*08 

1*8701- 

M) 

0*U2H 

o*aa29 

0*0122 

0*979a 

1*0 laa 

1 *8725 

50 


0*2544 

0*0252 

0*975 1. 

l*()40H 

1*8751- 

(JO 


1 0*201 a 

0*(UyH9 

0*972a 

1 *0890 

1*878 1- 

70 I 


i 0-I9H9 

0*59a7 1 

0*970! 

1*0881 

1 *8821 

HO i 


0*20 ^a 

0*5790 I 

0*9088 ! 

1 *0879 

1*8800 

90 



0*5080 ; 

0*9081 

1*0882 

1 *8908 

100 

. * 


1 . . ' 

0*9081 

1 *0890 

1*8951 

110 


. . 

I 

0*9090 

1*01-00 

1*4004 

120 



1 

0*9710 

1 *0 1-82 

1*1-005 

IHO 

i 

! 

i " 


0*9788 

! 

1*01-07 

• . 


SPECIFIC HEAT OF AIR AT (CONSTANT PRESSURE. 


7Vin|Kn*Htim* 

Mvmt S|Kn*iiiic 

Atit4ionty. 

Inturviil, 0. 

at (’tiUHtnut Pn'Hmm*. 

188 

0-252.5 

S(*ht*(*l and nt*ns(\ //rr. dent. 

■ 78 

0*21-82 

phtj.sUuil. trV.s-., U)ll. 13, 870. 

102 t(» i 17 

0*2872 

Witkow.ski, /V///. 18!Ki, 41, 

(5), 288. 

1 •-><) 

0*2417 (oxtroiiK* 
vahu*s 0*2418 
anti 0*2427), 

.Swaiiti, /'m-. lioij. Sov., 1 !)()!), 82, 
A, 11-7. 

■!■ 20 

0*2408 

anti IIt*ust\ 1(h\ vU, 

t ‘iO 

i 

0-2 too 

S(‘lu*t*l anti I least*, Ann. 

1912, 37, 79 : 1918, 40, 478 ; 
r/a’/a. Zvntr., 1919, iii., M-H. 

100 i 

i 0-2Ui0 

Swann, Urn. eif. 

20 to HO 

o- 2 :»«o 

Ilnlborn and Anstin, SiizungAnr. 

20 to <!!!0 ; 

i 0-2121t 

K, Akad. Berlin^ 1905, 

20 to KOO i 

i 0-2|.:i0 

p. 175. 

.50 

1 0-2H5 

! 1 

I 

i : 

Ilnlhnrn and Jaenl), Sitznngshcr. 
K, Aknd. iriv.v. Berlin, 1911-, 

p. 218. 

17 


I^art injL^tnn, Pr(H\ Boy. Soe,y 1921, 

i_ 

1 0-2!J87 

1 

A, 100, 27. 
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The variation of the molecular heat at constant volume with rise of 
temperature between 0° C. and 700° C. is given by the expression 

C^=4-8+0*0004T, 


where T is the absolute temperature.^ 

Partington^ gives the following results at 17° C. : 

Specific heat at constant volume 

„ „ „ pressure . 

Molecular heat at constant volume . 

„ „ „ pressure.. 


01701 

0-2387 

4-931 

6-920 


The ratio of the specific heat at constant pressure to that at constant 
volume is given by the expression 

y=C3,K=0-2387/0*1701 = l-4027. 

Other recent values for y, as determined by different investigators, 
are as follow: 


RATIO OF THE SPECIFIC HEATS OF AIR. 


7* 

Authority. 

1-401 

1-401 

1-400 

1-4034 

Moody, Physikal. Zeitsch., 1912, 13, 383. 
Scheel and Heuse, Sitzungsber. K. Akad. 

Wiss. Berlin, 1913, p. 44. 

Mercer, Proc. Phys. Soc. London, 1914, 26, 
155. 

Griineisen and Merkel, Ann. Phjsik, 
1921, 66, 244. 


These values agree well with that required theoretically for a diatomic 
gas. 

The value for y is stated to remain constant to within 1 j)er cent, 
between 0° and 500° C.,^ although most observers ^ agree that y tends 
to fall with rise of temperature. 

Increase of pressure, however, raises the value from 1-404 at 0-5 
atm. to 1-411 at 3-5 atm.,® 1-460 at 20 atm.,® and 1-533 at 50 atm.® 


1 Dixon, CampbeU, and Parker, Proc. Boy. Soc., 1921, [A] loo 1 
rAi" 1921, [A], 100 , 27. See also Womersloy, ibid., 1922, 

[AJ, 100, 4oa. 

“ Purstenau, Ann. Physih, 1908, [4], 27 , 735; Ber. deut. physihal. Qes., 1909. 11 , 137. 
‘ See Lussa^a, j\r„ 0 TO Cm 1894, 36 , 5, 70, 130; Witkowski, /. Phys., 189(1, S, 123; 

ReiohsanstaU, 4 , 131 ; Holborn and Henning, 

PM iQ?n 8 ; Swann, 

PUl. Tram., 1910, [A], 210 , 199 238; Moody, Physikal. Zeitsch., 1912, 13 , 383. 

390 392 sell”’!! V 5S> 

Berlin, 1914, p. 213; Koch (Abh. Baver. 
AJcad.Wiss., 1907, 23 , 377) at high pressures found y to fall * ^ - 

® Worthing, Physical Review, 1911, 33 , 217. 
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TIu‘ eor(fivirnt o/* (wpansion oi* dry air, wit ii ris(‘ of ttanptTaturc par 
i;' and at normal pressmv, has been variously dctc'rmiued as follows : 


COEFFICIENT OF EXPANSION OF AIR WITH RISE 
OF TEMPERATURE. 


Ilf Kxiiiiiisiim. 

Authority. 

oooac.T 1 

U<-.Lfnault. 


Amat^nt, Compt. rend., 1872, 74, 1200. 


Jolly, Pngg. Annalen, Juhelb., 1874, p. 82, 


1 Mt-ndeleef and Ka* 4 nnder, (hnnpt. rend., 1870, 

I 

82, 450. 

()()()a(i72H 1 

C’happuis. 


F<a* a |j^as that obeys Bi>yle\s Lnsw tlu* (’ordieicnt of expansion at 
constant prt\ssure is tlu* same numeri(*ally ns t in* coefftcii^Nl af pm\s'ure 
inemLst with ris(* of ((‘inperutun* at constant vt^hnne. The mort* im¬ 
portant results obtained for this hitltn* eoetriei<*nt are as follow : 


PRESSURE COEFFICIENT OF AIR. 


Pn'HHure. 
cm. H|j;. 

IVmjH'mtuas 
Riuige. Vu 

PtMOlieieut t»f 
Prt'HHure, 

Auiluu’ity. 

0*58 


0*0087000 

Melander (1802). 

1*82 

. . 

0*0087172 


lOd) 


o-(M):«j(ino 

»» 

17-24 

* • 

()•(»( W(ir> I !J 

Uf^iiiiult, (IHI.7). 

28 

0 10(!7 1 

i ()•<)();!(!(! w 

JiKiuci'od au<l I’ttrrot; * 



1 


70 

* - . 

o-o()n(i(ir>() 1 

UcKimull (lKf7). 

100*1 

0 100 

o-()();j(>71.1 

(’l>a|>|>ui.s (l!)()U). 

200 

1 

()•<»()!$(«>() 

HfKiiuult (IK 17). 

2000 

i 

1 

()-(M)aHH7 



The eoeilicient of vimumity of air is givc*n ^ as 0*CK>0180 at C. 

The thermal candurtivity ^ <jf air at the nn’an iemip(‘ratur<* of 55 * (!. 
is 0-000()i>7U vahu* iniiTinethate beiwetai that of o,xyi^mn (0*0000598) 
and nitro|,a*n (0*0000500)^ 

The vedoeity of souml in free air at various temperatures has been 
determined as follows : ® 

(1 , . a im licM) :i(M) 4(H) r>oo tioo 700 

Velocity, m. per 887-5 485*8 470-0 51H-0 555*2 589-8 02I-S 

JiwiiJcrcHl f«nl Perrra, Compt. n ml.^ 1905, 140 , 1542. 

* RcUH^rts, PML Mmj,^ 1912, 23 , 250. 

Hae p, 48. 

^ T«Klfl,/Vor. Bmp iS'w*., t909, |A|, 83, 19. See alno Htcfaa, *S'a2^4«f/^5f’r. K, AkatL IViss, 
Wkn, 1872. ['2], 65/45. 

* Dixon. Oamplwll. iumI Pw.rkor, Proc. Huy. HmUt 1921, [AJ, xoo, 1. 



198 


OXYilKK, 


Tlu' velocity of m^uik! in IVvi* air as tli-lrriiiiiirti liy thr linrrau tlrs 
Lonj^itiules is nu-trrs per ser<tuti, uhiKt tuuiid tlif' \nluf 

;3J3r i'ls and (iriim*isrn and Mvrktd « at o i . mul TiUJ mm. 

Idle refractive inde.v id’ dry air is l-tHiceiiilh at ii ami I’lHi mm. 
for the sodium 1) lim' (A in ; tlu' mdiet’s tor othrr \ui\e» 

lengths not widely reimned may lu- ealeiilatod front ('aitc*h\ ‘'s e{.|uatioa 

H I A{ I ' B A^K 

where n and A reprt'seut the refraettvo imlex and wavi*denydh 
res})(‘etivel\% whilst A luul B are iumstnuts ot xuturs in ami 

5*()7 X rt'speetividy. Ida* latter eoustaiit II is the eoeflteieiil td’ 
dispersion. AeeiU'din^ io (hit hhertson ^ the r< fraetiu mdt‘\ a of air 
for any incident li<*:hi of frequenev / is ‘ 4 ivi n hv tlu t \pression 

i inm ^ in«^ 

“ ’ Iurr* - 

For the sake of {‘omparisom the rt lVnefi^e iiidiers of the mon tmportuiii 
individual guises jursent in the atmosjdiere are in t!a h41owin|ij 

table' : 


Cbia or Vapour. 

// for l> bins 


i 

. , . 

hoocriUiH 

Seltet'h eih 


Argon . 

1*0002887 

Burton. /Vne, itbu/, 

! SO, mto. 

Hum, A, 

Nitrogen 

l-OOOLMl? 

Selu i'h /*^e. rif. 


Oxygen 

1 *000272 

; Uentsehler, J.\iriiphijs, »/.. 

1 Il45« 

28, 

Water-vapour 

1*000257 

1*000250 

1 Alaseitrl. |H7H, 

1 lamavA IHT4. 


. ... . ... 





When entindy fret* from dust, dry air possesses n high tU%vvv of Iriiiis-^ 
pareney to %lit, whieh the presence of inoisltire itml dust tiiiilH It* 
decrease. This is i‘vident from the followinic tidile : ^ 


Dry, dust free air . . , ! 

Moist, dust frtH* air . . . j 

Air in a dusty dwelliu|^-lunise room ! 


t'<wftWlPllt tlf 
‘trwMiiwrPiK-y. 

(JUyUHH 


^ Habb, Fhij8. Eepiew, 1905. 20, H9; Trm^, /%, Sm% Iflllb Ij, |5l I0|. 

^ Ckunoi 80 u and Merkel, /hoi. Ehynik, 1921. 66. ai l. 

» School, Brr. *?ii 'phymkaL ihl, -u. Hw ah«« Ilifll, Armi. Xn, 

Jioumamc, 1914-1915, 3 , ‘ill ; Himmay ftialTmvrr^. /W. isil 7 , 6 j, F«ir »« 

^‘ItTievieh^t apark «}H.saruiii ef itir, Wiiniittr, i*kuit:*ekrfn,, 

M’ aimeriitiea K|HTtruiii uf air haa In^n nitidiwl bv K||**r«4i t%mpL rrwl.. 

ISHl 93 /88 ; 1882. 95 . 447 ; Becf|«wl, » 6 irb. iHSa. 96 , 12tf*; inrifcwfi, dml., lum, 
lox, ()49. Iho biuul K|M,H.!tnuii by Wtillaer, l*f^*j* Anmnirm^ |M*# 2 , 147 , 321. 

I ^’«ddH'riHea. /Vfir. i%. ,SW., 1910. |A|. S 3 . lf»h 

. . j htr.?! pJurntHir. Am^rffunmA^. VMmk, 1892 . til.. |i. 442 . Tki mfpmmm 

quoted fur Wild (i%/. Ap/mk/i, IHIIS, 40 . MH) tlmm imt iii%r iIip liiilii. 
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Dry air is highly diallu'rmaiunis, that is to sa.\% it absorbs but little 
ot tlu‘ suu's heatd 

()win^‘ to its oxv'^eu eooteni, air is luajLifuetie. its maji^iH^tie suscepti¬ 
bility being al)out ()’2“) \ 10 ' at It) (‘. 

Its spt'vijic indiiiiri't' v<tpaviti/ or divltrfrlc voustant retia'nHl to a vacuum 
is l-()0()58(> 'at 0 t‘„ aiul l at 2U ‘ i\- 

The sSoiubility of air in water has been nunh^ t he subjiH't of consuler- 
abh‘ researcin aial pt^ssesst*s sev<‘ral p<unts of inii*rt‘sl. 'I'he iudeptaulcnce 
of the two main const it luabs (argon being inctud(‘d with thc‘ nitrogen) 
is (*l(‘arly obstanabh* IVoni the table givt*n below ; t’urtluax owing to the 
laet that th<* eoellieients tjf solubility (A' the individual gast's art' affected 
diffeiHaitly with rise t(‘mperaturc the (Composition of the (Ussolva‘d 
mixturt' is not <*onst.ant. 

Sinc(‘ oxygen is praeti<‘ally t wi<H' as solnl)h‘ in waltM* as nit rog(‘n, it 
follows that> th(‘ diss(^\cd gas is proportionately riehta* in oxygtai. By 
exp(‘lling the gas into a vaeuiuu and reabsorbing it in wat(*r, the con- 
ctaitration of tht' oxygen is still further inereasixl. By r(*|)eating th(‘s(^ 
processes se\i*ral times, a fairly pure oxygen can be obtaiiU‘d, and this 
has been made the basis of a patent for tlu* commercial S(*paration of 
oxygcai from t la’ air (sia* p. l.H). 

'Fhe number of cubi(* (centimetres (»f oxygen and nitrogcai {containing 
argon) dissolved in a litre of water saturated with air from a dry 
atmosphcn* at 7(Jn mm. pressurt* at various iempt‘ratures an* given in 
the following table : 


SOLUBILITY OF AIR IN WATER AT VARIOUS 
TEMPERATURES. 


'rtnaiH'rHtiins 

WiaKlar * (UMU). 

KMHI/f. 

Kiix » 

UKMi/;. 


1 

1 

i 


Oxyginu 

Niiragra.** 

0 

lOdd 1 

iH-no 

10'20 

18-04 

■t ^ 

IMF ! 

l7dH 

0*20 

17-02 

H ^ 

H-2d ! 

ladid 

H-40 

15-OB 

12 

7*r>2 i 

! I da 

7'HO 

14-45 

Id i 

nm i 

in*2a 

7*08 

13-45 

2d : 

1 ihim \ 

12-32 

0-57 

12-50 

2d i 

5‘Hu : 

1 i-m 

‘ 0-14 

11-80 

2H ! 

/(■■tti i 

i i 

10-75 

5-75 

11-25 


Measurement has also been madt* of the solubility of air in sul[diuric 

^ I’yadtuI!, f*rni\ limf, Sih\^ tHiKt, jo, 10 ; liulf, JH70, |>. 70 j Un'ger, 

AnmdrM, IHHi, g, aim ’ 

^ Tiuigt aii«. Phfml\ lOOH. 26 , aO; .SaatHiatin. Pfm\ K, Akmi. Wtirnmii, AmMmkmh 
liUO, 15, 02a. 

Ff»r dtOifiititHw at f» iiiid /C |», '10. 

^ Wiiikli^r, Id^pikitUmdtdlhrminfJie Ttibv.lU-n', l4ni(laltdluraHtriiit 1012. 

^ Fax, TmmJ Famd. *S'ar,, IIHIO, 5, OH. 

® Inoludiaii iu-goii. 
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acid of varying concentration.^ At 18° C. the coefficient of solubility 
in 98 per cent, acid is 0-0173, and in 70 per cent, acid attains a minimum 
value of 0*0055. 

Radio-activity of the Atmosphere. —In 1887 Linss^ drew attention 
to the fact that a charged conductor, thoroughly well insulated in so far 
as its supports are concerned, loses its charge in the air. This was 
confirmed in 1899 byJElster and Geitel ^ who, two years later,^ discovered 
the cause by finding that a negatively charged wire exposed to air 
becomes coated with a radioactive deposit which can be removed 
either mechanically by rubbing with felt, or chemically by solution in 
ammonia.® 

Observations on the rate of decay of the radioactivity of this 
deposit indicate that it is due to the presence in the atmosphere of the 
emanations of thorium and radium.^ 

* Since air drawn from the soil exhibits radioactivity, it seems 
probable that ground air is the source of the atmospheric emanations ; 
and this theory receives support from the fact that atmospheric radio¬ 
activity rises with a falling barometer.® This would account for the fact 
that near and over the sea very low values have obtained.® The problem 
of the relative proportions of radium and thorium emanations in the air 
has been made the subject of considerable research. Balloon observa¬ 
tions made at a height of 3000 metres above the earth’s surface indicate 
the existence of radium emanation even at that elevation.^® In a series 
of tests in the Apennines, 1090 metres above sea level, the proportion 
of the total atmospheric activity due to thorium emanation was found 
to vary from 29 to 73 per cent.^^ On the other hand, a wire charged 
negatively in Manchester gathered an active deposit containing on an 
average 62 per cent, of thorium emanation,^ ^ whilst in Rome under 
analogous conditions results indicated 60 to 70 per cent, of thorium 
emanation,^® the remainder consisting of the radium product. As a 
general rule, it appears that, in the lower regions of the atmosphere, 
thorium emanation preponderates, whilst at higher altitudes radium 
emanation is in excess. It would appear also that American air 
contains a lower relative percentage of thorium emanation than 
European air.^^ 

Determination of the actual amount of radium emanation, in the air 
indicates that on the average the quantity contained per cubic metre of 


^ Tower, ZeitscJi. anorg. Ghem., 1906, 50 , 382. 

2 Linss, Meteorohg. Zeitsch,, 1887, 4 , 352. 

3 Elster and Geitel, Terrestrial Magnetism, 1899, 4 , 213. 

^ Elster and Geitel, Physikal Zeitsch., 1901, 76 , 590. 

5 Allan, Phil. Mag., 1904, [ 6 ], 7 , 140. 

Eutherford and Allan, Phil. Mag., 1902, [ 6 ], 4 , 704; Bumstead, Ame 7 \ J. Sci., 
iyU4, 18 , 1. l or data concerning the radioactivity of radium and thorium, respectively, 
see this senes, Vols. III. and V. i 

1904, 9 , 49; Mache and Rimmer, Chem. 
Zentr., 1906, u., 1237 ; Physikal. Zeitsch., 1906, 7 , 617 

» Simpson, Phil. Tra^., 1905, [A], 205 , 61; Gookel, Physikal. Zeitsch., 1908, O, 304. 

» Compare Runge, OAm. 1907, ii., 1353; 1911, ii 786 ^ 

Flemming, Physikal. Zeitsch., 1908, 9 , 801. 

IQAQ 227. Compare Gookel, Arch. sci. phys. nat., 

2^8 ; Gookel and WuH, Physikal. Zeitsch., 1908, 9 , 907. '' ^ 

Wilson, Phil. Mag., 1909, [ 6 ], 17 , 321. ^ 

» fc, ^7, i.. 101. 
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air is equal to that which would be in radioaetivt' c‘(|uilil)riuni with 
1 X lO-^^^o-rani of radiuiud There can he no doubt that the presenet^ of 
these eiuanations is the main cause ot tiu* aluiospluu'h’ ionisaliou which 
mauilests itst^T in ixi’iuittin.if c^krtricity to escape (Vom a c*har^ed 
conductor. VVhetIu'r or not llicy exert any physiological inllutaice 
has yet to be discovcaa'd.- 


LIQUID AIR. 

When air, (‘ooled beknv the crilical U‘nvpt*ratures of its (‘onslitueuts, 
is subjected to compr(‘ssion, licpu'raction may occur, but the (‘onstiliuails 
will not se})arate out in strict ])rop()iiionality b(‘caus(‘ oxy^tai is more 
easily coiultaused than ni(roi*(‘n. For a. similar ri'ason h<iuid aii\ wlu'ii 
kept, loses nitrojifcn more* rapidly than oxy^aan so that tlu* l)oilin<jj"|>oint 
gradually ap})roa(*lu‘s that of llu' lallxa* (‘lenuad. and Mn‘ ^ms t‘Volved at 
lirst extin^niislu's a lii»Lt(Hl match wlua’cas th(‘ last portions inciaaise its 
combustion^ 

On account, of tin* umaadainty introdmaal by this bt‘ha\'iour of li([uid 
air, it is important to Ixair in mind that st.aliamaits of tlu‘ physical 
’l)roperties are of n‘laliv(‘ly litlk‘ vahu‘ unl(‘ss ac<*ompani<‘d by ti<fures 
^ivin^r tlu‘ (‘omposition ot tlu‘ litjuid air <*xamined. h'reshly prepared 
li(juid air usually has a boilin^^-point near lOd” C. at 7(10 mm./* a 
temp(a‘atur(‘ as low as • 220'* ('. bein<^ attainable t)y rapid (evaporation 
under a. pr(*ssur(‘of a IV'W millinu'tn'S ofnuercury; under constant pressure 
the boilin^r-point ^^rudually rises, ap[)roaehin‘jf that of licjuid oxy^^cn. 
The compositions of th(‘^^as(‘OUs mixture in e(|uilibrium with litiuid air 
of varyiujLf oxy^wn cont(‘nt iire j^uven mimerically in t he uecompuuying 
table (p. 200) and shown dia<jframmatically in Fi^. 05.^^ 


^ Hatiorley. Phil Mmj.^ 0)08,1 a|, i6, 581 ; lUlO, 10|»20, k for (krahrahxoiir ; Awlanaa 
Amer, J. >SVa’., 1008, 14), 26, 110) olXaituvl tlu^ Ham<‘ nunni roHult in lOvt^ {PhiL 

Maij.j 1908, (0j» 16, 022) iu Muritrcat found 0-0 10 

^ Korfurtlu'r tUdailn Uu^ n^ad(u*iH n^orrod t<» to\t."l»»okK on and ttielituudivify. 

Th(5 following ndoroncoH may almi provo nwdul : (loitid, PhijHiknL Zvit^r/t., UMM), 2 , HO; 
VVilHon, Proc. Itmj 1001, 68. 151 ; MX’hdlnnd, Sci, TraiiN, /5a/. Ihih, A'oe., 1003, 8, 

it, 57 ; Klstor and (5‘it(d, Phiimkal, Zvitneh.^ 1004, 5, 11. 321 : 1005, 6. 733 ; (tHdiol, ibkl,^ 
1004, 5, 501 ; (Jonrad and 'I’opolannky, iVn'r/., 1004, 5, 740 ; iVaW.. 1004, 5. 100, 200 ; 

Schenk, ./a/(r6. Radioaktiv, Elektronik,^ 1005, 2, 10; kang(^vin, ffc/a/., 1005, X40,232; 
(Joitol, Chem. Zentr.^ lOOO, 1, 1080, 1772; Rungt% ihid., 1007, ii., 1353; AHhinan, 
Amer. J. AVn, 1008, 26, 110; Hat4,<^rley, /VaV. <l/af/., 1008, 16 , 584; lawby and Rwing, 
J. Roy. Roc. Nnv Rouih Walc^, 1000, 40. 158; Blaiu*, Phy^iilml, Zeitm'h,, 1008, 9, 204; 
Dadourian, ibid., 1008, 9, 333 ; A filer. AVi., 1008, 25. 335 ; Huckcl anil Widf, i*hydkaL 
Zeitfich., 1008, 9, 007 ; (Joc.kel, * tr(:/», •net. phyn. nal.^ H)00, 27, 248 ; (’rowthetr, Proc, Rny, 
Roc., 1000, tA|, 82, 351 ; Harve^v, Phiiniknl!ZdtHch., 1000, 10, 40 ; W(df. ibid,, 1000, 10 , 
152 ; Kvi\ U Radinin, 1000, 6 , 88 ; Phil. May., lOlO, 19, 057 ; 1007, 14 , 724 ; lOOH, 16 , 
222 ; Kur/, Abhamll. K. Akad. anm. Miinvhf u, 1000, 25, 5 ; Uaciui, Atli R. ArrmL Li/icri, 
1000, 15), 18, i., 123 ; PhynikaL Zcil.'ich., 1010, ii, 227 ; Kimmhita. NiHlukawa, and Ono, 
PhiL i/a//., lOIl, [0k22.‘82l; Kw, ibid., 1011,21,20; Hungc, CVaw. 1011JL, 

780; Ki)idrauH(*h, Pfiy,HikaL Zcilnrh,, 1012, 13, 1103; Kmurlir, ibid,, 1012, I3, 112, 152; 
Laiil)(% ibid., 1013, 14, HI ; SatA, Rci. Rt'jHirtfi Tuhoka Ihiic., 1013, 2, 171 ; Wright and 
Smith, PhynikaL ZciLsch., lOM, 15, 31 ; liongariln, ihld., 1020. 21 , 1 11 ; OlujiC, Jahrb. 
Radioaktic. Mkkironik., 1018, 15, 158. 

■’ See Erdmann, Hvr., 1001 . 37 , 1103. 

^ St(H^k and NiclHcn, ibid., 1000, 39, 3303. 

'e OlHzmvHki, (UtmpL rend., 1884, 99, 184 ; 1885, loi, 238 ; vt>n WruhicWKkl, ibid., 1HH4, 
98,082; 1885,101,035; 1880,102, lOlO; daa. /7u/a. (7n aa, 1HH6, 25, 402 ; 26,131. 

« Baly, Phil May., lOOO, (5|, 49, 517. 
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Liquid uxy^U'U and iui\ \ulht»u! ap|n-» ri.iiar vU.mi:v m 

voluiuc ; luiUT tht‘ appri»\iiitat«‘ roni|H>sitiou flit Itqmri iiiixtiin- van 
be calculated IVuiu its density at any partieular hanp. ratnrrd Mi^a^niv- 
meuts which have iHaai math- haul tu tlu i \pvvssum 

d i)m uinrj^HMr 

for the value at tin* hoilinuiHnnt under urdinarv pressure, \^hru .r 
represents the pcreenta,^n’ id 0\\in u " aiul d the denMt> rri|nirfd. 

Measureiueut.. lias also been made id the heat: u! e\ape*ratthe 
refractive iudex,^ and the uhstirplmn sfHetrum **! hquni atr/' these 
propertii‘S again being alnH»st entirely tlie resiiliaiit id the |»n*|iiiitrs 
of the constituents. 

The eritieal constants of liquul atr iuue linii eslntialed as hauna 
the following vahu'S : temperature tin ih, pressure :i!i alnms|iheres 
and volunu‘ 0-0()257.'^ 

A dislimdiou is sometimes tuaiie ^ betu«en tin point at nhudi the 
two co-cxisting phases, namely, \apour and liqmd, bei*Mim uteuluMl 
the plait point and the point representing tin hmilmg eMitditmii fur 
the separation into two phases the e/i/iVul pmu! id I In ddh r 

enee betwiaii the two is \'ery smalb as is e\,nleiit liitin tiu tollowma 
estiiuation : ’ 


Plait i)()int 

Critical point ofeontuvt 



ISr: 

■'Uirr , 

1 % 

■ l\ 

Al 

Sn 

1 >i>e»id 

iimTa 

n: 


«i mi 

1 lUiid 

UT 

■17 

«r;ii 


The critical density ot nir, as ealinihitr-it friuii the «aitieal drusitirs 
of oxygen and nitrogen lyv the sinqde rule of mtxtures, is n Ui. This 
lies witlun tlie rangt* given above. 

The speeiilc lu'ut of lit|uid air is about hatf that of water, whilst tJie 
latent heat of evaporation Is npproxiniiitely Tin ejdoin s. 

The viscosity of liipiid air of hoiltngqHiiiii lU’tr absotuie is given * 
as 0-001678. 

Liquid air is of relatively siiiidl value ns n sourer of energy ; its 
conversion into gas at tin* ordinary ti-mpemture is ra|iidile of yirldiiin 
only as much energy us ilie eoiabustion of onedenth its wriidit *d petrol* 
and the heat absorbed from tin- surroundmgs iliiruig tlie rhiingr is only 
suflicicnt to melt IJ times its wtaglif of ice. 


^ Inglis and CoatuM, TmnA, Vtu m. UHtti. mhU. 

2 Ladenburg and Kritgeh /Irr., imm. ja. 'Ms MU*. Srt' -..h » n lVi-!iUio 4 i. r.iwi|4. 
rend., 1886, I 02 , UUO ; and Uidiii, Ann. Umil, i%.. i,**u 

^ Estreichar, Zeilmdi. phymkal Vhrm., IIKM, 49 . M»T. 

^ Liveing and Dinvar, nad., tsIiA, iji. in;*. 

Livcing atui Otnvar, Phil. Mmj., [;>L 16 , :I 2 H 
® ()lHzow«ki, loC: at. 

Kuonen and Clark, Ptm'. K, Aktid, Utirnm'k, |*iru i*|» loss. 

® VersohajQtelt and Nieai«, ibid., lilU, iB, Itim 



'I'llIO ATMOSl’IlKHK. 




PERCENTAGES OF OXYGEN IN EQUILIBRIUM IN 
GASEOUS AND LIQUID PHASES OF AIR AT VARIOUS 
TEMPERATURES UNDER ATMOSPHERIC PRESSURE. 

(Baly, 1!)()().) 


'rtunjHU'jdure, 

'“t*. 

Oxygen in Liquid. 
Per rent. 

Oxygen in Vapour. 
Per emit. 

182 

H)0 

100 

18 t 

91*98 

79*15 

180 

82*95 

(i0*59 

188 

72*27 

11*25 

U)0 

59*55 

29*98 

li)2 

MPrw 

17*0(i 

\\)l ' 

21 -(iO 

0*80 

105 

8*10 

2*10 

195- Mi 

<)'()() 

0*00 


Applications. .Vllluiu<fh it. cvaporalfs rapidly in ordinary vessels, 
li<|uid air eun lx- preserved Itn' a considerable tiin(' with r<'lidi\H>ly little 
loss in fjluss vessels, the hollow, silvered walls of which enclose an 



NITROGEN IN LIQUID 


Fki. 3%5.—CurvoB ahowing compoHition tif liquid and gaBOouB air in equilibrium 
at various temiwraturus under atmospheric pressure (IhUyt 1000). 
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OXVUKK. 


eva(*uat.t‘(l spaca*; * tlu'st* an* inautitarhin-i! in \ha|H-s atal 

sizc\s. 

Liipiici air Is lunv a. (‘oiiinuai aumna-riaa! prtHliirt am! viui hr ap|>lic(l 
to various useful |>ur|HKsrs. An obvious app!iratu»ii is tt» tlir iiroduetiou 
of low teiuperatures for i‘,\|H’nUH‘ulaHou wt-»rk/*haful a \'aluah!r rxfrusitai 
is to t'lu‘ proiitietitai tO' hi.udi vueua tiy filliuj' with rarhtiu dioxiilr tlu* 
apparatus whieli has alrratly hrru attar!u*d by hmui'tirally sraliiuf to a 
bulb of c’ocouut eharc'tail: vvhru this hulh is umnvv\i'd lu litpiid aii% flu* 
carl)ou dioxide is a.hstadH‘d sa rapidly niai eoiuplrtrly tliat the pressure 
may In* almost iuuuediately reduet'tl tt> a fVaetit»u of a, iiitllioitth cd* an 
aliuospluTts 

M(‘idiou has already been made«4‘ the euiploymrut of lii|iiid air 
as a hlastiug a^eut. It also linds applasitiou as a eeai\tiurut sourer of 
pure uitroji[(‘U and oxy^jfeud 

By tlu‘ rapid twapca’aticai of hquifi air uudi r redursd pressure 
sutFumad tuHluUM'ooIiu^ iatu be effeetnl torause tht- ay to sohdifv, when 
it yit'lds a <»oIourh'ss, trnuspareiit mass.'* Hu- tael that mtojoi'Vi has a 
liilfher lueltiu^^-point (uautely ‘ilO than o\\ifru | *JVJ CV| teiuis 
to the im‘domiuauee tjf the former ( lemeid iu the\o!id uu\tun . 


^ Dewar, ('him. Xnrs^ tS^M, 6 ^. 20 . 00 ; ts!h'i. 71 . 102. D>!i. 
Rai/j. *SV>r., UK)(i. |A|, 7 B. tas ; amt tUn-lanaiai, i 'hn; 

Ihswiir, hr. eit, I Lai tad mm,/to\. isos, ii.ltitls, Si*.r|^ and 
36 , 805. 

See p, 13(1 


Srr td'tM Urrrv* 

^ . m*\K 2.?. id:i 

H-fiiiaiui, iM., 


'* See p, .'id, 


* i .^ 0 :% (nr. I*n\ rif. 



( HAPTKU VII. 


WATER. 

Occurrence. Of all aompuund suhstaa(‘i‘s ata'urrin^^ on Uio ('arth in a 
fairly jam* (‘onditioiu wator is hy far tlu* most ahundant. Not oidy 
d(H‘s it rxist in itiuiuais<‘ (|tuiutiti<-s in soas, riv<Ts, jLi^huaca’s, and lakos, 
bnt it is als(» ninarknidy widosin’oad as a nt‘{‘t\ssnry con.stilufnl of tin* 
tissut* of all livini^^ or^^anisins wludht-r animal or Vi*^n‘lahl(‘. It is also 
{)r<‘st'Ut. ns vapour in tlu* utmosphvr<\ wlmma' it sopairatos as cloiuls atul 
rain. Sona* nujuTals* for oxamjdv tday, also (‘ontnin vt'ry apprtsaahU' 
([uantitit’S (d’ this suhstanco in acanhinali<m.^ 

Althou^di thrri* is a possildhty that tin* <*ompouncl miiuri* (d‘ wat(*r 
was rmiisod hy t lu* (‘hinost* at a v<‘ry rurly datv,*^ in Ktiropo tlu* stjhstaiua* 
was n‘gardod as an oh-montary suhstama-, Aristidlc i^roupin^^ it with 
lin\ air, and earth, as one of the hasie or fmalamentnl ehanentary 
bodies eomposiuj^ the uni versts Ami s<» it rtanaimsl until tin* latter 
portion (dM lu* <a‘^hteenth eentury wlaai ('avemlish, e. 1781, (hantmstraiecl 
its formation by the e<»mbinati<»n of hydrogtm and oxygen eitluT by 
burning or (*xpiosi<m when tlu* gases disapptaired in the appiH^ximate 
ratio <d‘ 2 : I i>y vtdtmu*,'^ A year or so latta*, LavoisiiU' efftadcnl the 
syntlu*sis from oxygen and hydrogen, llu* lattca* td' which lu* h‘arned to 
obtain from steam hy tlu* uetum of heated inai.* Almost simultaneously 
an invi\stigation was nmde by Mtmge, who tlemonstrateel the (’ombina- 
tion (d’ two voluim‘S (d‘ hydrogtai with one* vedutne of oxygen wlu‘n a 
mixtun* was explodtsi, aiul frtan this rt-stdt, togetlu*r with a knowledge* 
of the elensitv of the* gases, eadeulnted tlu* relative proportions by 
weight.^* On a<*eouni of the pres<*nee of moisture iu tlu* gas<*s tin* latter 
result was imu'Ctiratt*, but tlu* method is (d* iutt*rest as antieipatiiig the 
prcHTciun* ado|)ted latta* by Seott and Morley in their well-known 
expc*ritnents.^^ In IHUU Nit*ludsi>n and (‘arlisle efbaded tlu* (|uantitative* 
analysis of water by tlu* passage (d* an electric* eurn*id7 an expetmucait 
which, as a protd’ of tlu* c*ompositum, is not ns satisfa<*tory as rniglit 
he wislual beeausc* it is not pcwsible with pun* watt*r, but n‘(|uires the 
|)resenee cd‘small <|iiantitit*s cd'un eleetndyto. Ilc*nec* tlu* deeompositiem 
is ac'tually a sc’eondarv n*sult depc’udent on tlu* intc*raeti<»n cd* tlu* watcT 
with tlu* diseliargc'd icuis cd' tlu* electrolytic* impurity, 

* lAa i«i iitteiapi to **1 witior iu viiriiuw intnemln by the abaerptum 

HU«'etrii, «ei! (’abb^rtt/-, J. Frankiiift hmt.^ lUU* tJZ, IbitK 

^ 8ee p. in. 

** AUmhie. (Huh Htprints, hi.. Ut 111. 

* (Kurrm dr Litmimr, ii., .’Uir* llTd. 

^ Mrm, Arm!, Sri, PtirtM, l7HIb 7H, Him idfio lliimbekifc iitul Clay LuiMlO, 

J. J*hmupit\ 6o, 121b 

® See p. 2115. ’ Jutirmtit IBUt, Iv., 18(1. 
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OXYGEN. 


NATURAL WATERS. ! 

For domestic and ordinary chemical purposes water is invariabl^y 
obtained by the purification of natural waters from various sources^.. 
Enormous quantities are required by civilised communities, as is evident 
from the accompanying data giving the average number of gallons 
consumed per head per day in the cities named : 


Glasgow . 

Gallons. 

. 58 

Buffalo . 

Gallons. 

. 250 

Edinburgh 

. 38 

Philadelphia . 

. 211 

London . 

. 35 

Chicago. 

. 169 

Leeds 

. 34 

New York 

. 120 

Sheffield . 

. 25 

Berlin . 

28 

Bristol . 

. 22 

Madras . 

25 


The above figures, of course, refer to the consumption of purified 
water for all purposes, and not merely for domestic use. 

A convenient method for classifying natural waters is that adopted 
for potable or domestic supplies. Such a classification must be based 
largely upon local conditions of climate, population, etc. For example, 
waters that would have been perfectly wholesome a century ago may now 
be suspicious and even dangerous, in consequence of the enormous 
increase in population. Bearing these reservations in mind, the following 
scheme is reasonably applicable to British waters : 


CLASSIFICATION OF POTABLE WATERS. 

{ Deep spring. 

Deep well. 

Upland surface. 

rStored rain. 

. < Shallow spring. 

(^Surface, from cultivated areas. 


Wholesome. 

Suspicious , 

Dangerous . 
Unsuitable . 


TMany lake. 
Most river. 
(^Shallow well. 

Sea. 


1. Spring water, particularly that derived from deep-seated springs, 
is usually beautifully clear and sparkling. The clearness is mainly due 
to thorough filtering during percolation through the soil, whilst the 
sparlde is caused by the presence of gases, mainly carbon dioxide, 
in solution. The temperatures of different springs may vary con¬ 
siderably. Water from deep springs is usually cold, whilst that from 
shallow springs varies with the seasons. Should the temperature of the 
water be appreciably above that of the atmosphere the spring is termed 
a spring Typical thermal waters in England are those at 

±5ath (Somerset), the temperature of the different springs ranging 







wxvhin. 


2(^7 

from 31“ i\ (HH‘ F.) to 50* (‘. (122' F.)» Tlu* sprin^r.s sup{)lyin|if the 
('(yrporatioa baths aro stated * to yic-ld upwards oi' half a millioii gallons 
of watca* pi‘r day at i5 (113 ’ F.). At (’oulsworthy - (Sliropshire) the 
tc'Uiperutun* is 11 i\ (52 F.), that is, the waiters are wairmta' in winter 

but eoolta* in sumiiua' than tiie aivenigi' ttauperadure tyf tlu* aitmospluaas 
The Bjith waters are aieniletl .and sold in bollles jis .sad/.v tivdrr, 

\'ery fret|uently dt‘ep»spring waders tamtaiiii dissolveil sadts which 
iin|)Jirt to them iduinu-ttaisti<* properties. Such springs jis yicTi these* 
an* tenmil ;a/arm/ springs, mu\ nvr ediissitied Jieconling to tlu* ludurt* 
of the <liss(yh t'd impurities. Mainy towns owe their [yopularity as hc'altfi 
resorts entirely to the n*puti*d medieiiuil properiii*s of their min(*nd 
waders. It is not improbalile tlud msmy of the eurativt* ])rop(‘rtii‘s 
am* either <ltu* to. or liihanc^csl by, tlu* preseiu'c* of nidioactive* suhstanct*s, 
amd this wtadel aeeeamt ftn* tin* well-kmywn tact I hid artilieially prt*piire<l 
minend waters el<) md alwiiys posst*ss tlu* siiuu* medieimd values as the 
ludund waters. Uaelium or radioaetive* nuderiid. for eXiuupU*, hits 
l)een dist*iyvered in tlu* springs id. Hidh** iind Ibixtom in this e'oiudry ; 
numerous other springs In Fnuus*.’^ Spidn.*’ tlu* Juni moiudjiins,^ 
d'us<‘anyd Alps.^ Swity,t*rhm<lA Italyd*’ Anstriai.** Tyrold" Sil(*siitd‘* 
Bolu'iniiid^ Indiiinad^ id ('arlsbjuid‘^ the 'raunnsd’^ Wiesbndend^ 
Kissingend'* I)urklu*imd“** and other parts <yf (iermany‘*^h Hungaryd^ 
Norway.^** Sw(*drtu*^* Hussiji/^* Hommmiiid"*^ (ilreee'e/*^^ (anadig"^ W'llow- 


* 0*10*5 Hn^h unti (NidHuii, UHiH). Stpiitr*n ('tuiipdiitoiif 

^ iStrutt, /V*r, Hop. Sot\^ HMd, 73 . UU j Muhhou hihI HaraHiiy, !ot\ rit. ; linnwiiy, 
e7u’W. A’raw, Ud2, 105, l.'i.'L 

* Braelui, <*ompt, rt m!., tUUH, 146, 175 ; H5|>iu, iV*/*/., U)0K, 147, l\Hl ; MiihhuI, iVa'i/,, 
p. H44 ; BaHHim. dW.. p. HIM ; Mt»ari'U nn<l I^i'pHjw’, ihitl., UHIH, 14H. HiM ; BrochH, >7nW.» 
IIBO. 150, M5, 21d. 42.1 j UatiiH* and (*remir«. ihifi,, HO I, 1:53 . h 7U ; MaHHttl, HUB. 
151, U24 ; b*»iHt’k iimi., HMtU 169. 71)1 ; U’pai«% n)2«). 171. 711, 858. 

ft da daadll**, Amtl. guim,, llMHK 4, I IP, 147. IHD. 2dl ; lUBH. 6, 217, 21)0, 201,150, 
lOH, 4CM), 480 ; di' (’aatillo and da Badn. d*5/,, lOOH, 6, 485 ; ChtdrA, #7aW., iOOO, 7, 482 : 
da Itfuliu i7n**/., 1012, 10, Ul. 

ft Barret lutfl .liupjarett. A^rk. StA. phpn, nut., lOlH, 11), 45, 277,110, 418. 

^ Mauri, Atti H. .Inn#/. Hi uni, lOOO, jfij, 15, ii.. 000. 

ft Biana, VhiL .Un#/., 1005. jO), 9, 148; Hanriah, TitHmAi. nnm‘U>. ('htm,, 1020, 33, 
5, 11. 20. 

ft iSaniain, tUiya, ainl Miafiali. Jra/i. Svi. pht/n. mit,, lOOH, [4|, 2$, 10 ; Sahwint/.ar, ihitl., 
1000, |4|, 27, 250 ; lOB), |41, 30. 40. 

N^iaini and J//i H. dmi#/, JJm'ri, 1008, |r>|. xy, ii., fnll ; BiunOargar, 1/oyudWn, 

1008, 29, IMl. BandH’riCar, l/feni/.f/n, lOOK, 29, 1111. 

‘ft Biunharnarand Kriwa, itrni,, llllO, 31. 221 ; lOll, 32, 707. 

Way, y4riinrh., offrniL IlHI, 17. 181, 

“ HiiXflia, Juhrhutb Klrkimnik., lOll, S, 21, 

Ihumvy, Phil. 1045, |0|, 30. 815 ; Stan-han. ihitl., 1010. |0|, 31, 401. 

‘ft Knatf, (‘hrm, Zrntr., lOUO, i,, 401); K»4horatar. Hrr. tlrul, phipHikut, (Itn,, 1012, 
14. 150. Sahnndt, Phpmkttl, Ztihth., UH»5, 6, tl4 ; (*hfw. Zmlr.. 1005, 1.. 402. 

Haa llaiirtaln Zrii.*>rh, ttiojru\ HM)4, 17. 1757 ; Momtt'th., lOOfi, 26, 140, 

‘ft Jantxiiali, t*hpmknt, ZriUth., I1M17, i, HH7 : lOOH, 9, 120. 

Un'in, ihiii., hUO, 11,122 ; Kblaruiid I'Vllnar, Zt ih^tAt, anortj. ('hrm,, 1011, 7^» till, 
ft* Mulfar, Phtfnikitl. ZritMeh., UUO. 545. ala. 

ft® Sziltirei, ('ompt. rrmL, 1012» 154. 082. *'* B«inlHai»n. ('hrm, Zmtr,. 1014. ii., 1400. 

** Hjanraii iiiihI Kiddli*»ni. Arkir, Krm, Min, (Hol,, 1008, 3 , L, Ki». 2; HiddOeiti, ibid., 

1010, 6, Ki». 1. 

Maxaride/.ky, */. Hhm. i'hpH. ('hrm. Stn^, 1011, 43, I*hipH. Pari, 244, Hwinna, t7wi., 

1011, 45, lAipn. Part, 454. v«»rt Wainmm, ibid., 1014, 46, 742 ; Burksar, ibid., 1015, 

47, 21. Ilnrinir/aaau and Batriaiii, Ann. Hri. Pnir, Jamp, 1008, 5, 150. 

KeinnaiM»f-i, Znitr., lOlO* i., 1014. 

“ Kv«*, Ttuns, Pop. St*f., i'itfmdtt, 1010, (Ij, 4, iii., 51; Bevla luul M*Intnsli, ibid,, 1011, 
11], 7, 101; Hiittarly find KIwnrthy. ibid,, 1017 lOfH. |11, if, 17. 
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stonr Park,^ C'oIcmKfu," Xrw \’<»rkr^ t niiary 11ir i*liilip|tiiifs,^ 

Ica'lnink^ aiui Haniiiiia/ 

TIh‘ ac’tual uuaauit of radioaolH*- malarial in lli»- wati-r*» is uf ruursc* 
inrautcsiiiia!» iH-iinf of tla* onk r, in soiu* %, of in vjimihs 

|H*r litri%^ wliilst iiiothrrsit is \ i r\ luiirh Irs--.;-' 1‘lii s|»riit‘^-. at ilai;!ii**rc*s 
cl<‘ Luohnu (Frauc'ri ar»* aiui»n**st tli»- inusl radioa*inr m flu- wurld, 
aiul cnntiitii from O-1 to Hal imllnmtTMt’unrs t»f railniiii siiianatioii |H-r 
liirfd^Xa|uivatc'iit ii» from f • lo *** to Id a lo ^ !frain of r.itlniiii |u‘r 
litre. 

The t(*rm minora! H|>nno has also hmi rxtrmlfd to mrlmlr ordain 
springs very littli\ if any, imna- tinm thf normal aiinniiil iif 

(ILsKolvecl matoriak hut wliieh nw rrnardrti as fiossrsMito liifdirntiil 
proper!it‘s. Huelu fnr oKiimplta are thr lln\ton ami ^hilvmi watrrs. 

A <‘nnvenient mrtlind of tdassif^mn mim fat uatrrs i% as iollous : 

1. Muriiittd. 'riir-so eonhiiu ehiflly M.M|iiiin t'lilornlt- Witli \aryini| 

lunonnts of iht* c*hlnri«trs of piitassiimn oalrmnn and I'hr 

Drnitwieh (Wnreeslrrsliiro) ami of thr i'hrllrnli.ini |Pitlviilr aiu] 
Lansdnwn) springes an* ehanmtrrisrtl hy thur }ni.!li rs»nliiil of siHlmm 
(*hlnricii\ tlu* waters hrim^ in oonsalrrahlr itrHiainl lor rfiruamtio ami 
sciniie iiffcetinas. Thr Airthfrr Wahrs ||lrit|*n' of Allain S*'ollamt| 
elosc'ly rrstiuhli* innny rontinnital spa wati-rs, amt roniaiii rhlmntrs of 
ealenum uml magm^simn as writ as rommon salt, 

2. Stdphaiie svnivvs iHHttmu stilphafrs inninlv as sothnnn raltanm, am! 

ina^ur.sium salts,ami arr rotisrqm ntly Hptrinil, llath, f la llrnhnm 

(Chadnnr Villa \Vt*ll}, amt SrarlMiroiinln !l frnoiis sulphati is pre smt, 
as at Tr(*friw {(‘arnarvoin N. Walesf, tia“ uat* rs art* h ron it 

Ik VhalijhrnU* or FrrrH^itums, t\naUy thrsr uafr rs rout am iron 
in solution, as the* soluble ferrous hytlromm earhonate PelljiiCdtph, 
Tunbrido(' Wells, Flitwic’k (Ikatsh ilielleufniiii fl'amhriiy U‘e|lk uml 
Learniugton, are w<*U«kuowu exaiuph's, Tlir eorrespomlmt,,? maiiuaiious 
salt may also he {in^smif. 

4. ('arlwmdtd waters may hold stwhum li\drorfi-it earbomiti*, XallCdt,* 
in solution, as tlaar ehief suit, as for esiim|ile m Apolliiiuris water. 
l^Iagntman watc^rs eouiaiu maguesium hydroum rarhomitt%, ^|i1 
and ealnmmLs wat«*rs tin* eorrespomiiii|» eatemiu suit, CViHh|lr' 
Such springs may he looktsl for m dolomitie, hmeHtoiiin am! ehalky 
dist riels. 

5. Sulphtmiifd waUa-s are fdiaraeterised hy flte pn-sr-nef' of hy«tri»iiiii 
sulphide wliieh inijiarts to them its fasti^ and iwfour A eonsidenilde 

* Moorfumd Ht*hhmdt, 71/# tnh f, (’umj. Appimi lltnU, o-rirai |i, IHII. 

^ H(^hhiadt../. Pkymml 11114 , iB. ail 2 ; Amrr, . 1 , Sn., |!i|s. j I f. fdl. 

*** Ntimely the SamitJga Spring?*. Mt«*m iiml Wliilirimar, imi. Hirm., I!IM, 

6. 552. 

^ da Rada, AmiL Fk. Qtiim.u ItWiH, 6, 242. 

® Wright anti Jlaiw, J, Phiimml t7#f«#., 11117, 31. 525 ; .SVt,, ||II7, 

[A]. x 2 , 2 a:t, mm, 

** ^i’harkalHHtm, ,!/rwn#rr.^ dr tArmi. Umitik tk$ HftrnfrA rf dr,-* i.rllrr^ $k |#«t«r#w*#rl', 
(hypenhmjuf, |7|. 8. IS2. “ » liemini, 5 f#fm* Tim.. l!l|i, |ili. n e* 455. 

** Wright lint I HtS«s 5*r. rd., tdt*. 

® Haa, fttr t'xampla, UaiHal {iUmipt. rrmi,, tUHl, 7!llh uIim il-H In gooti 
of dwKolvtHi ratiinm t^r litrt* im tin* maan vahia fur lSftgni4»*« 

l4?piip<% he. rit. By tha ttaaiKiori nf ilia UiMito|t*«y I'umgrrw m |iri»alf4 in tllBh 
a “ anria ” ih daftii<‘d iw tha tpmatify <if aatamition in ai|tiiiltltritiiti with oiii^ gram »*f riidiniii. 
A milUnaartaniria m tma thou8tmcl-iniHi*»fith of a atiHa, mid lliiw aitrraiipiiitilfi |o Ur gram 
of radium. 
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mitnl)er of these sprin<i;s oeenr ia the British Isles, perhaps the best 
known heino- those* at Harrogate* (Ve>rks), The* la'per's \Ve*ll (Dinsdale, 
Durham), Lisdoonvarna (Clare*, lre*land), Llandrindod Wells (Wales), 
Llanwrtyd (Wak's), Me)frai (Dumfrie's), ri*ebles, and Strathpeffer 
(Ross). Su(*h wate'i’s ha.ve* freepiently l>(‘e*n use*d in bygone ^^‘ars fen* 
seert*t eorr(‘sjK)iuk‘ne‘e‘. Le*! te‘rs written wit.h a. solution of lea.d aeertate 
bc*(*onu* legible wlu'U di[)pe‘d, re>r example', in Harrogate* water.^ 

0 . Lithiafed waters are* in high phannaee'utieal re'putc*, the lithium 
being usually pre*sent as ehloride. Bade‘n-Bade*n (Germany) and 
Kissingeu (Bavaria) are* two we‘ll-ki\own ivsorts of this type. 

7 . jirseniedi and H. Bronniartted (Woodhall, Lin(a)lnshire) watc'rs 
contain small epiantitie'S of arst'nie^ and bre)mine* (as an alkali bromide) 
rcspeetive'ly. 

9 . (Joifrigi^niv, C’e'rtain waters are partie'ularly lia.l)le to cause 
abnormal aedivity of the* thyroiel gland, re'sulting in the t‘ida.rg(*ment 
known as goitre* or De'rbyshire* ne‘ek. This is usually att,nbute*d to 
the* pre‘se‘n(*e* in Hu* wat.er e)f e>rgani(‘ mat te‘r, possibly a protozoon, but 
tiu* sugge*stion has nlse> be*t‘n made* that a t‘onne*e*lion may e'xist betwe‘(*n 
radie)ae*livity anel gt)itrige'uiet propertie's of (*e*rtain springs," 

The* fe)lk)wing aualyse'S e>f various we*lbkne)wn spring anel spa waters 
are eharaet e‘rist ie*, : 


BUXTON TIIERMAI. WATER.*^ 


're‘mp<‘rat ure . . 25*<S’’ C. 

Density at 25*8 ' (’. , 



l^irtM jMT 100 , 000 . 

(tminH {MU* OiiUon,* 

C'uleium bi(‘arbe)nate 

20011 

14-010 

Mugiu'sium 

Fe*rrous 

<S*5H7 

0*011 

0*0 11 

0-031 

Manganous 

o*oto 

0*028 

Barium sul|ihale 

0*009 

0-048 

Cak'ium 

0*2T:i 

0-UH 

Folassium ,, 

0-8SK 

0*022 

Sodium ,, 

1 *205 

0*81-1 

Ia*ad 

0-000 

0-004 

Sodium nitrate* 

0-037 

0*020 

(•ak'ium tluoride* 

0*028 

0-020 

Sodium eddoriek* 

4-412 

3*088 

Annnemitim „ 

0*003 

0-002 

Magn(‘simn ,, 

I*3(U 

0-953 

Silicic acid 

1*350 

0-91-9 

Litliimn 

trace* 

l.rac(‘ 

wStroniium 

t nice* 

tra(-c 

Fhosplioric* a(‘id 

t race* 

tracH* 

Organic matte*!* . . i 

Free ca.rbtai dieixiele* . 1 

0*033 

0-023 

0-287 

0*201 

Nitrogci! 

0-272 

0-190 


, 2m. 


^ Him (Jhemkal Oatfchkm, (Lmelcm, 1810), p. 

^ CompL remi.f 1908 , 147 , 387 . 

^ Tliremh, Thr Exumifmtkm. af ly Water t^nppUea (Churohill, 1913), p. 34L 
** Tht!K (3 figute*H obtiiiniH.1 by multiplying thci«n in tha prtn'icnis esalumn by 0*70. 


mu. vn 


r. 
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Analyses of Chcltciihani Spa Wat its 
results ; 


hy ThorfH* i^avr 


till- fullinvinit 


No. 1.1 

Cheltenham Magnesia Water. 

(JrainH 
per (lal. 


Sodium chloride . . 27*980 

Sodium bromide . . 0*015 

Sodium iodide • • 0*097 

Sodium sulphate . . 00*893 

Sodium silicate . . 1*409 

Potassium sulphate . 4*779 

Lithium chloride . . traces 

Calcium carbonate . . 30*372 

Calcium sulphate . . 03*400 

Magnesium sulphate . 117*059 

Manganous carbonate . 0*023 

Ferrous carbonate . . 0*038 

Aluminium phosphate *. 0*011 

Ammonium nitrate . 0*018 

Organic matter . . traces 


No. i. 

Cheltenham j\lkaUne Water. 

p4*r < lal. 


Sodium ehli»ritle . . MVO tTn 

Sodium bromule . • 0 3 hH 

Sculium iiulide , • 

Stxlium Hulphnto . . lloOO^ 

Sodium mlieate . • L’-iHU 

Sodium bieurboniOe . 

PoiiiHHium mdphatt' . 4’a2f» 

Lithium ehhu'ide . . tniriy 

Calcium eurbonnte . . 4 'oh3 

Calcium phosphate . . tmt**^ 

Magnesium earhonate . }|j HtUi 

Maiiganous curhonat** . trarrjs 

Ftvmms carhonatt* . . ii tKUl 

Aluminium pluiMphatt* . fno'c t 

Ammoniuni hitiarhoiuitf 0-07H 
Organic matU*r . . tnu'CH 


Sti. 3. 


*rtir Cheltriiham Kmllum 
S«l|»liate Kiillne. 


rli!«*rs4«‘ . 

CrtiRi 
IK’r Ual. 
. 3917111 


. IMWl 


. (Hl*i 

.NMdnaii ’>iil|4h.ar. , 

. mm 

SMtbiiPi ■ 

. Me: 

putiVfiHiuie 

. ‘-CUH 

Litbitite ^'blMiidr' 

, lr» 

< ’iilrinio »’5a 


C*id»‘M.an niilphsOr 

. 2*44‘ 

,M a!»?: 1 *»" ■ * ^ ^ ^ ^ ^^‘ ^^ ' 

. Iblli 

'soli'lijOr 

, 2t*4iir 


. trire 


. 11112 

AbiiiUOMiiis |fb*‘!»|4«.ar 

. irii’f 

Oi'garse' ii4;.a0^r . 



Droitwich brine conUuus : 


Sodium chloride . 
Sodium sul|)luit{‘ 
Calcium sulphatt* 
Calcium carbonate 
Magnesium carbonate . 


tnniio 

tbUH? 

0*052 

on 5 


With traces of alkali bromidi‘s 
and iron, and silica.'*^ 


ar 


d iodi<i<*s» phi>s|ihnt«'"H «»l eiilfiion 


The narrogate Mineral tVairns? 

Since the discovery of the Tewit W'ell by C aptuin Slini.*Hliy m 1571. 
the mineral waters of Harrogate have uttrueted tHimsideroblf fittritlioii; 
about eighty springs are known, differing in type amt t|uality. 
may be divided into two main groups namely, snlphat ie iiiid eliiilyiteiitr 
waters. 

The principal sulphur wells oeeur about a milt* i>ii either «f 
Harlow Hill, the highest point of tlu^ distried . 

Opinions differ as to wheth(*r the waters have a mmimm mium, i»r 
each spring has its own imlependeni sourecs The differnier nl lr\rl 
of adjacent wells favours the latter vi<‘W, whilst the leiitprriitiirrs 
indicate that they arc neither superheial tmr <*oitit* IVuiii riiiiriiintis 
depths. Most probably each spring has its own indefiriitiriit siiurer, 
with which it is connected by a s(‘]>uraie and tlistinei cdtiinia I furiiirii 
by the alternating series of impervious and porous strata %% liielt etiiiin I’i 
Harrogate with the hilly regions to the west, for it is <aily iVtnn siiidt a 
source as this that a large body of water eouid ilow year nrier yt nr, %vitli 

1 To convert these into parts per ItKhtKK) divide by 0*711. 

^ See Worth, The TourinCs (hiiiU to WweeMUrnhifr tSM|l|, 

Lowson, Analyst^ 1921, 46 , 125. 
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such slight alteration both in quality and quantity. The chemical 
impregnation of the water appears to bo effected during its passage 
through these strata, and it is from this source that the bases of all the 
salts are derived. 

The analyses are given by Lowson (pp. 211--212). 

As mentiont‘d Ix'fore, a ccaitury ago secret correspondence was often 
carried on by means of Harrogate water. 


Trefrko Springs, 

These an* situat t* in the valU‘y of the Conway (Carnarvo!i), and may 
be classed eitlu'r as ferruginous or sulpliatie springs. llasselFs analyses ^ 
are as follow, ex}u\*ssed in grains per gallon : 



Spring Nt>. 1. 

Spring No. 11. 

Temperattirt' . 

.|.K ' K. (!>" C.) 

50“ F. (I 0“ C.) 

Ferrous oxide 

180-85 

81-11 

Alumina 

14-78 

10-20 

Magnesia 

5-80 

0-04 

Soda .... 

I-tt 

2-88 

Lime* .... 

11 *42 

18-70 

Ma,ngam-se 

tract* 

tracHJ 

140-88 

Sulphuric acid 

208-20 

Chlorine 

0-70 

0*58 

Silica .... 

10-48 

11-74 

Total . 

488-18 

270-48 


The chalybeate sj)Hng of Tunbridge 
constituents : 

Sulphate of lime 
Carbomiie of linu! . 

„ ,, tnagnesia . 

Potassium chloride 
„ carbonate 
Sodium chloride 
Carl)onate of iron . 

„ „ manganese . 

Silica , , . . . 

Organic matter 
Free earl)on dioxide 


Wells contains the following 

PartH inn' 100,(H)(). 

. :M)()() 

. {him 
. l-59(i 

. ()%235 

. 0-854 

. 4-5M) 

. 5-580 

trace 
. 0-750 

. trace 

. 00*05 c.e. per litre. 


The relative ri<*luu‘ss of these watc-rs 


in dissolved solids is easily 


r(*cognised when it is rc*alis(*d that a lake water ol high |)urity such as 
that of IaK‘h Katrine may total only 8 parts of solid matter per 100,000. 


J inimak mid Muthn o/ Gmii Brituin and Ireland (Miwmillan, 1902), voL ii., p. 327. 
* J. »/. Chem. iSm.f ISaS, xo, 223. 
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2 , Well Water.- As a general rule, a writ cintinH a vi^liniu* of furtli 
much the Klia]>e of an inverted eoius the h|h*?c of whieli is the hottoni of 
the well, whilst the base lies at the vveli’s iiaaifh iiial eo\ er.s a (*ir<nilar 
area of radius et|u;d to ftau' times the tlepth t?f the well, lltese staie- 
nuads are only a|)pn>ximuiely etirreef. hn* the jairi»sit\' t4' tlii’ stal, and 
the extent to whit*h the well is use<h exert im uppreeiahle iiilluencss A 
well is considered shalUnv if 50 feet or less in tleplh. A deep well shtadd 
be 100 fe(‘i or nua*e. Shallow wells are open to stispitaoit <iwiu ‘4 lt» the 
relative ease with whi<‘h stniut'e wader enn find erdry. The top of the 
well is tisually proteided hy a rin^ of iiatsoiiry tt» preveid surfaee water 
from draining into tin* Wi*ll witlund In in^* tdteri-d by stsikin«: thrtniuh the 
soil. 

For temporary supplies. Ahvssiuian 'tube widls are ust fuh i‘oiisisttng 
of iron iubes^ perbwatetl behav, whh’h are tinmen ndt» tin* ^uaaiiid» a 
pump ludn^ attuehed to the ti»|K Ftw dinnestie purposes, however, 
shallow well water is open to |irav<* sus|>ieion in this eouiitry. 

l)ei‘p wells still yield very valuable sttpphes of drinkitu^ watt*r, 
whieli has had a pn»juadionately better ehanee td' underrpan‘4 thorouidi 
lilt ration than that (sdlecdim^ i!i shallow wells, l‘hi new welK at 
Watford (Herts) are driven deej> ilowu intii the ehalk and yieltl an 
abundant supply of an I watiax 

(’hulk does not m'tavssarily yiidd i^ood wati r, lie»wi \ « r, lor, brin^ 
soluble, fissures are fre(|uently fiaaiual ihrouijb wlut'h the water pours 
without beini^ hlteretl. Tlu* hanhuss varu s ; the total 

dissolved solids avtu’a^a* «KI per td‘ water. 


ANALYSES OF WATERS FROM WELLS IN CHALK 

lI>ON. 

OOOIJ 



NEAR I 

{!*iu(h jn r 

.. ' i 

j 


CuCO., . 

1 

2I'H 

(SHO,, . 

ihl 

Mk('(X, . 

* , 

. . 

241 

Na..t'(), . 

». 1 

NuaSO;, . 

i 

i 

NaCl . 

M i 

NaNO;, . 

Ibf# 

SiOi^* i4<e* • * 

L4 j 

Total . 

BO'5 j 


Ii^nluo 

mn 

IPU 

ib'i 

#•<1 

5-H 

hn 

L4 

mi«4 


Hied*. 


5-tJ 

*1 ’ .# 

2M» 
2 IT 
22-11 


letl 

77*1 


I2T5 

T'H.i 

fell 

IIT 

14-1 

141 

5141 


wells have Iktu known from vt*ry early liiitrs,, liavini^ been 
used by the Aral>s, (’hinese, and tdlier imeiiiif propies, tliousaiids of 
years ago. They are nuule Ijy driUing throiiijii a Iiiink iiti|ii.Tvtoiis 
stratum into a porous iwk below, which may rrt|iiire up to 25 per end. 
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of its water to saturate it. Larjxe stori's of watt a* may tiius be held 
in the rock. The waters ma.y ris(‘ u]) throu.^-li the bore-lu)lt‘ on aetxnmt 
of hydrostatic pressurt*, or tlirou^h the prt^ssure c^xta-ted l)y imprisoned 
^ases or the rock above. In any east‘ tlu^ waters have travelled some 
distan(*e under<^n‘ound, and art‘ thus mortdikc‘ly to be pure arid wholesome. 
Where tlK‘ natural (low is maintained witliout resort to pumping, tlie 
wells are known as boiling wt^lls.” 

The statt‘ of })urity of wt'll water must de])end very largely upon the. 
nature of tlu^ rocks and soil through which it has (lowed. Waters from 
granitt‘ and gmassie dislritds art* usually vtay pun‘, soft, a,utl palatable. 
Their organic eonttait is low. Silurian rot*ks sla.tt‘, shah‘, and sand¬ 
stone are also good, containing but litth^ organic' matter, although 
their saline eontcait may be slighlly higlua*. 'Itie salts, however, are 
gcaierally innocaious, having bcaai washed out of the rocks. Limestone 
rocks yittd (tear, hard wutca*, whilst Den'onian and Pcaanian sandstones, 
and millstone' grit yic*ld (‘l(‘ar watc'rs, but of variable' hardnc'ss. 

3. Upland surface water may be' ve'rv geH>d, provieh'd tlu^ source's 
are' fre'e' (Vom hal)itation. Ve'gc'table' organic inatle'r is pre'se'iit, some.'- 
time's in large' epianl ity, so nmeh so (hat the' wate*r may possess a, ele'eaded 
ye'llowish-brown lint. Animal matter will be' abse'ut, so that the' 
nitroge'U eonte'ut shemld be* low, any ammonia, nitrate's, or nitrite's 
pre'se'nt Ix'ing in such amounts as an* eonlaine'el in rain wateT. (Iiloride's 
are* le>\v and, unU'ss the' soil is eale'are'ous, the* wate'r is soft. 

L Rain Water. Most e’ountrie's are' de'pe'uele'nt, either elire'ctly 
or indire'e't ly, u[)e)n rain (or ( lu'ir waU’r su(>plie*s. 

The* av'e'rage annual rainfall e)f I lie e'arl h is e'sl imal t'd at appre)ximalx*ly 

inches, and is e'tpuvalent l.o a, ve>lume of 200,000 e*ubie‘ niilt'S. 

The' {e)tul animal rainfall me the bind of eau* plantit is e'stimate'd * at 
20,.‘M7* t ('ubie miles, ami of (his ejuantily 052 (< eubie' miles, or approxi¬ 
mately one-lifth, drains edf into the* se'a through rivers a.nd streiams, 
A eubie* mile' of rivc'r wate'r weighs approxinuilt'Iy kiOO million tons, 
and eontains on the* uve'rage some* (■ 20,000 tons of dissolve'd male*riaL 
Kneii ye'ur, Uie'relbre*, some* 27.25 million tons of dissolve'd matte-r (inel 
tlu'ir way inte) tlu* seas, irrespe'ctive* of the* e*m>rmous eiuantitie's earricKl 
down in suspe'usiem, ov washed into the se*a by purely nu'chanical force. 
It is intere'sting to note* that 

1 iiK’h of rain (••07 gallems |>e'r sejuare* yard, 

. 22,(U7 gallons pe*r ac'n*. 

; 101 tons pi'i* aen*. 

It has been ealendateel that, the ruin (ailing on t he* land is apportioned 
as follows : 

25 per cent, of land surfime receives <12 inches. 

,, ,, ,, 

24-48 

,, ,, ,, 

* 18 

, ,, 

(Considering only the* lanel which is elruint'd by rive'rs into the sea, it 
is calculated tliat emly 20 p(*r e<‘ut.. of the* wate'r re't.urns to tlie sea in 
this way, the' re'inaining 70 per eu'iit, Ix'ing remevved by evaporation. 

* Marmy, SettUl^h (hoL IHH7, 3 , (*5. 

- Hmilhmman Mhtu'U. (kdl., HUO, 56, N<». 5 . 
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T!u* (!istril)Utit»!i of raiu> huwr\<'r, varies t'lairiiKitisly 'rvtii wilhia 
eoin|>uniitivt*ly sniall arfas. i1ms. lor r\aiu|»lt', whilst a.t Sliut-huryufSH 
ill 1005 thf fall wais taily 1-1 iarla-s, at thr Styr iii in loa:j it 

was 2*20 int'iu's, 

hi snmr parts Scutimul anti in tin- unilti uf l‘aiihaial sunn,' 0 ur 7 
iiK‘lu‘s uf ruin Iravn iu’iii kiiuwn tu tall in twmty luur hutirs. Diirin*^ 
the su-eulled eluutl-hurst " at huiith in l.nn’uhishirf, in 5hiy 1*020, 
4*7 inehes h'll in twu ant! a hall’ htturs ; Iml siiuh th-lnin-s in thu British 
Isles art* exet'ptitnial. 

AVERAGE RAINFALL IN THE BRITISH LSLKS.^ 

(All data an* t sprusst tl in uieln s [n r aunnin.) 




Barnstaple 

. a7 n 

(hvt-iuvieh 

23-!Hi 

ih?! Iianisted . 

20*50^ 

Batli 

. itO-I? 

Harrogutu 

20*58 

St. la'unartls 

28-00 

BinninFdinin 

. 

Hull 

25-72 

Salisbury 

32*14 

Bla(‘kjH)oI 

. 

Kew 

2Bt5 

Sear!'>urt>ngb . 

20-01 

Brighton 

. 27-Hi 

Lineoln . 

23-00 

Stiutlii'lii 

32-12 

liuxton . 


LiverptttJ 

28-00 

ShteltK . 

24-50 

t'arlisle . 

32*22 

Lowt-sttiB 

23*07 

SbiH-lniryness , 

10*27 

Cheltenham 

. 27*02 

Margate . 

2:4 12 

Si»ut!i|Hn1 

32*54 

Claeton . 

. 10*31 

Ntirwieli . 

27*00* 

Tmibnilgc* 


Durham . 

. 25*00 

Blynumth 

35*03 

Wills 

20'-00 

Kastbounu* 

. 30*02 

Btalsiiumth 

27*30 

Wurk*a»|» 

24*32 

Falmouth 

. •44-23 

Uothamstetl 

27*51 

Vtirk 

21*85 



Wales. 




Cardiff , 

. 41-74: 

1 Llandmhm 

30*52 

, Bi'iiilirukr 

34*H!t 



ScothiiuL 




Aberdet*n 

. 30*34 i 

(dasgtivv , 

37*72 : 

I l#ritli 

23*80 

Dumfries 

. 37-10 ^ 

Cdtiiearnm (20 


Stiirnuway 

48*02 

Dundee . 

. 28-57 

years), 

88*10 j 



Fort William 

. 78-n 






Ireland. 

Annai^h . . 0l*H2 Dublin (Blnriux : Kilktiinv . umri 

Iit‘lfast . . 03-00 Bark) . . 2H-00 j Wat.erftird . OH’HT 

Dublin (City) . 27-H4 Killaniey . 54-25 1 

Miscellaneous. 

l)ou|,das Jersey , , 011*02 | Vent imr 

(LO.M.) 42-02 Seilly Is.. . 02-4l> (LO.W.) 20*42 

Guernsey . 30*71. | 

* Avi^niKt^ for ihti tltiriyOivo ymr», IHlil tn mn Fri.»rii Tkr i0rr 

HrpnHn, UUS, VuL XXX,. |i|». 2511 H m/. 

^ Averages for the k«t lifty ymim, Cltriittmtt#, .Viilurr* lll2i, io8» 
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These iimounts appear small when compared with some foreign falls* 


Cherra Punji, Assam, India 
Coimbra, Portugal 
Belize, Honduras 
(haidaloupc' Matonba, W, Indies . 
S. Luis de Maranlulo, Jh’azil 


GIO inches.^ 
22.1 „ 

153 „ 

285 „ 

27() „ 


TIu‘ workfs record rainfall is -M inelu's, which fell at Suva, Fiji, on 
8th August 19()(), in about thirteen hours that is, at the rate of some 
3 inches pea' hour. 

The rain water that falls in (*ountry districts is highly aerated, soft, 
and wholesome. It usually contains 25 c.c. dissolved gasc*s per litre, 
namely : 


Oxygc'n 

C <5. 

8*5 

Nit.rogi'n 

. KrO 

('arhon dioxide . 

0-5 


Both tlu‘ (pianlily and relative* pr(»porlions of l.luvse gases vary, not 
nua'cly wit h tin* district, but also with the lemp(‘ra,ture. I'his is evident 
from tlu‘ following table, in which arc* given tlu* hgurc‘s obtaiiual by 
Bunsen - about 1855, c‘Xi)rc‘ssed as pc*r(’entagc‘s of llu* total gas dissolved : 


Temj)eratiire . 

0 

5 

to 

15 

29 

Oxygi'n 

(J3-20 

93*35 

(> 3 * 4.9 

93*92 

(>3*99 

Nitrogen 

33*88 

33*97 

34.*()5 

3 P12 

3PI7 

Curl)on (lit)xide 

2*92 

2*()8 

2* 4.9 

2-2(> 

2*1 t 

Nitrogen (compounds 

are also 

usually 

prt‘S(,*nt 

in rain 

watt'r in the 


form of ammonia, nitrite's, and nitrates, the two luttt'i* purti<*ularly 
during and afU'r a. Ihumh'rstorm owing to the* combination of oxygt'n 
and nitrogc'u induced by tht‘lightning and (‘h'ctric* disturbant'cs gcau'rally. 

Bain falling in inhabited areas is (‘ontaminated with products of 
combusiitaii, in <‘onsc<|iU‘n<'e of donu'stic tires, eitlu'r alom* as, for example, 
at Malvern in Worcestershire, or in addition to industrial furnaces, as 
at SheOield and Manchester. In normal times industrial smoke is 
fairly constant in (piantity all tin* yc'ur round, whilst domcstict smoke 
varic's largely wiili the wt'ather, being grt'uter in winU'r tluin in sunmu;r. 
The following results (p. 218) arc interesting as showing tlu! enormous 
effc'ot of indust rial smoke upon the* (‘om[)osition of rain.^ The data arc 
expressed in metric, terns per stpiare kilometre the unit (‘hosen by the 
London Committc'c* on Atmospiu'Hc Pollution but can be converted 
into tons per si|uarc milt* by multiplying by 2*55. 

As is emphasised in t!u' Uc'port, however, the* foregoing data do not 
indicait' thr uvtuid iwkut of (itmosphcric pollulion, V\'hen (*urvc‘s arc 
drawn showing the monthly variations in rainfall and pollution, the 
pericKls of maximum }>oilution arc s(‘cn to coinc'idc with tliosc of 
maximum rainfall. For stric’tly c'ompnrativi' results, therefore, rain 

^ ta iHtU tli!' riiinfall wjw 805 iadtfH, n«» fewta* tlmn 500 inahes falUag ia ttaly. Kao 
(J(»IaM«Kiac*!a Un Orifjin- and (/av (hotaloa, 19(W). 

^ iluuHi'a, Anmikn^ IH55, 93 , *IH. hIho iSauraert, 1855, 88 , 17; .Pottarttsoa 
and iSuadi*a, i/rr., tSHIJ, 22 , 145it 

^ Taki^a fr<jat tin* Hrpmittf thr invvMitjniwn of AtmoMpherir 11114 U)15, drawn 

up by Wyaae aad pifwaWd tu tha ilaaltU Coauaittuu yf 8hettii4d City Cuuaeil 





21S 


oxv(U«:x. 


should fid! at a tmihmu rait\ ami shuuid tnadimir rii!i«T all liay ur at 
tlu‘ same ptn'iud of eaeh dair. d'hi’st* ritiMlilloiis, ar«* aot 

aituinahli* in uaiure. 'riif tabl<'s ih», a rlt-ar idra uf tht.' 

uaiure and t|uauti!y of tla* stdtslam’rs ai-tu.diy hruiujlit down Ijy the 
rain over a ^dveu |hthhL 

IMPURITIES BROUCJilT DOWN BY RAIN, 1st JANUARY 
TO MHh APRIL U)I5. 

1 ! 1.1 Hi. 


'btWlU j 

'fur. 

Miittri. 

SMhds 

l. l ll 

Ml, 

n 

,\H, 

.Malvern , . i 

Shellield ' 

i Odd 

^ U'B5 

5-01 

5 H(» 

i -OH 

O'HO 

0*15 

AttiTcliffe . 1 

; OUiO 

! 15d0 

2B’0t 

7 A 11 

H :u 

O' i .1 

<1-22 

Wt'ston Park j 
Munela‘st<'r 

0-2T 

lO’trd 

22' |H 

n 50 

teai 

2-TT 

0* 1 1 

Aneoats Ilos™ | 








pital, . ’ 

O'll 

! mm 

12’20 

l(l<> .o 

L.MnI 

LOO 

O'JO 

Fallowiiehl . ! 

0*20 

: 20-22 

2Ltm 

■IK 21 

ioaio 

2 m 

OdO 


1 


An interest ini': etnd rilmtion to Das snhji et rs afforif?d by Lunammird 
who eolh’eied rain water in Shelhohl in lull dnrmt^ a *diow» r of three 
hours' duration. TIa* ilifferent saiu|*h's were taki n nt ddfris^^nt pomts 
within an an'U of half a s(|uare mite, amt are seen in i \labd a most 
remarkahh' varialioti in iaaupoaitiom 


1 

'rulul 1'hloodt-H 

e\|*rt*‘i.ii'‘d mi LI, 

'I'.,till 1 

('■ \|»|r'-e-:in| .i&;i ,‘Ht 1 

Baiuple. 

OrniuH |H-r 

j |«'i' 

1 tl im > J« r 

f a ,uir'. |«*i, 


Oidtm. 

1 l.lOe, 

. iiiU-*.i 

I .lift', 

2 

0-0H(Hl 

Odd 10 

((HUT 

0 0050 


l'25JH 

0(d70 

n ,'UHi) 

O'OIT 1 

5 

B-0H20 

Odlaf 

7 .'Jll'.Mi 


11 

0*2510 

ooomi j 

lOhUl 

0 02 10 

H 

1 L52H(I 

0dl2lH j 

2<{iwn 

: OdiOH-l 


No. H represents^rain-(lri|Ji>iii|Ts tVcim the fiiliaiii' of ii tree. 

Another industrial art*a is that o! Leeds, whta'e/* on ttre a%“era||i’ 
working da.y, 2(t t(ats ol are setd into the iiir, of wlneli hidf a ion 
falls on an iimi of I s«|nare mih-s, and of tht* Inff.er from m lb, fo 25 lb, 
stick, that is, are ind removable bv niiii. 

* Luiigiauir, J. imn Hird t|i| i, 147. 

® Bee Ut»hen mid HmUm, Xuiurr, lIMIfl, 8i, 4i»S. 
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The results of analyses of rain water from ten representative stations 
in the city, and, for the sake of com])arison, one from GaiTortli, nearly 
8 niilc‘s due' (‘ast of the city, and situated in the country, are given 
herewith : 


ANALYSIS OF RAIN WATER, LEEDS AND GARFORTIL 
(d\)tal for Year, expressed in Founds pea* Acre.) 


(\)ll(‘ctiug Station. 

1 

c ^ 

u* ^ 

a 

H- 

t.4 <1^ 

•S s 
Pi Pi 



A' 

Chlorine. 

m 

cd 

U'UJ 

itrogen as 

^2^3. 

S3 ^ 

C c'3 

l'|i 

Si a 

Total 

atrogen. 





M., 







ImluHtnal 












1 . 1 *<*{hIs Purge‘ . 

iHHti 

1 10 

1118 

88 

128 

84 

104 

i:ho 

04) 

•I'? 

17-7 

2 . Htmslut . 

1 r>(>r> 

(>9 

(>00 

<90 

IH5 

24 

198 

15-5 

04) 

2 ’!» 

lH-4 

8 . Ih'o.stou Hill . 

IlcHidtmliul I 

4. Philos<»piu(‘nI ; 
Hall ('town) 

1 i(;:i 

i (9 

: 

709 

! 

1 

80 

209 

54 

101 

I4*4 

0*5 

:(-r> 

18-4 

St!) 

7H ! 

' 428! 

1 45 

14<9 

88 

75 

14-4 

0-8 

*>.*> 

10-9 

5. Ih'adiugt'y 

(iSO 

48 i 

I9!d 

H 

IIH 

82 

41 

IM 

M 

0'8 

184) 

0 . Arjiihy - . ; 

:m 

81 i 

21IP 

29 

110 

87 

lOH 

9-<9 

14) 

8*2 

M-I 

7. ()lwe‘r\ atnry . 

899 

82 

140 1 

20 

8j5 

i 89 

.51 

8*4 

O'H 

no 

10-8 

H. Kirkstall . I 

8:>2 

2S ; 

Ml I 

H 

77 

1 50 

57 

1 7-7 

0*2 

2*8 

10*2 

9. Wea'tsvexal I^auc 

M7 

2 t» ‘ 

01 1 

11 

82 

18 

84 

8-8 

M 

2-1 

iPf) 

10. Uoumlhay . ; 

11. tlurforlh I 

90 

M : 

VA 

j 

t) 

58 

10 

88 

5*8 

0'7 

1*8 

7-B 

((’oimtry) j 


• • 1 

.. 1 
i 

2 H 

or>! 

i 

21 

22 

5*0 

8*2 

M 

9*8 


During gales, rain from the sea is fnapiently highly charg(‘d with 
sodium chloride. It is recorded ‘ from East Ktad; that, during the winUu' 
of 1910, a V(‘ry heavy gale from th<‘ soutli-cxist with a deluge of rain 
oc(‘urrcd iii the night; on the following day all the windows whicli 
fac(‘d soutli-cast ha(l<(uite frostccl appi‘aran(‘c; wluai dry. Some of the 
sut)stancc s(*rapcd off and dissolved in distilled water was proved to 
consist of common salt. 

Soot, whi(di finds its way into tiu' iitmosi)lu*r(% is usually rich in 
stdplmr compounds, as tlu^ following analyses indicate : * 

Sulphur fiH SOg. 

Pur 
5*08 
8*24 
(Ml 
8*00 
8*51 

A showa*r, ilierefort*, whicli brings to earth the soot floating in the air 
must be proporiionatedy c’ontaminuted. 

The amounts of dissolved eompoimds of niirogtui, ehlorine, and 

^ Xtiturf\ 1911. 87 , 2a7 ; from nnd TranmtcUtmH oj the East Kent Xcienlific and 

NMimd Smidy, imdiug Hath Supt. 1910, 

^ Ltmgmuir, hr. eit. 


Dining-room ehimney . 
Kiiehcai cliimney 

Loeomotive 
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sulphur ill rain wattT rtilhalrd iViUii vnritnis jairls nf the work! during 
the present eentiiry are given in the tullouing lahie. e\|tri*asrd us jiaris 

per million : 





Anuied 

Sit)< 



; 

Locidily. 

PiUe 


it.-uiif.il!. 



t1. 

HO3. 5 




•V. Nii, 

SlltiltiVK 


i 

1 

Pretoria. ^ . 

11104 

1 ^ 

21*01 

1 IIH 

0*100 ' 


1 

Barbados * , 

IPUH ■■ 

40 ' 2 H 

0 

O-OHI ' 

H'Oh 

. . j 

Divhra Dun ^ . ; 

imn 

0 

H 7 A 1 

11 1 H> 

O'OTO 


. . j 

('awmpore ® 


1 ■ 

111- an 

UTZU 

0 


. . j 

Lincoln (N//,) ^ , 

nm 7 

K 

21* tH 

«l liU 

o-iOH : 

fe .t 

a-w j 

»» * i 

IIIOH 

!l ; 

02 11 

(ll)Sti 

O '117 

1 ’ 1 

1 

Ilehrkh^s ^ ^ 

IPOH 

12' 

00*70 


i.eoM2 

» » 

i 

Iceland ^ | 

nni 

12 

OH* 01 

Ufl'.tl 

O’OOO 

. . 


(Jrahamstown ^ 

HH! 

12 

2 007 

« ITt 

0*102 



Bloemfontein 

lUlO 

II 

27 *02 

0 

0'2riH 

1 (Hi 



Hill 

12 

ire-to 

1 :ih;i 

O'OHH 

(1 lit’i 


Durban ^ . . i 

nn 

I 

12-04 


o-tio 

(i .'i'.t 


u • * 1 

VAV 

> 

01 07 

U‘'lull 

0 *I 7 :H 

ItKi! 


Cedara (Natal) 1 

1 

lino 

Pi ■. 

iO'OH 

(l-Tht) 

OHIO 


\ 

Seasonal llueinnt 

ions are also obse 

■Veil m file eoiislitUeiits 

of ram 

water. Thus sumnu 

4’ ruin 

is not saturutiil will 

i i»\vgrin 

although that 

which falls during the n*st 

of 

the year 

is praetieally so.^ 

As a 

griti’riil 


rule, ruin water is nearly suiurated with nsygeii wiien iK tniijirrature, 
us eolleeted, Is belcjw ii'‘ i*., hut when aht»ve tins point* tlie disMilvtal 
oxygen is nhvays helow satunilion, s*iiiii’ttine.H as iiiueli m *2.1 per eent. 
(see tiihle below). Tin* reasmt lor tins is not iijiparnit, “^riir relative 
temperatures of the raineloutls and id' mr at the ground Ir-vrj in 
summer and wintta\ if tluw have any inihniuv iii alb sliontd pmtluer a 
result exactly opposite to that lotnul. In other %vi.irds, oiir woiitil rxpeet 
summer rain to fat supersaiuraietL 

Eesults of numeriui.s expiTimeiits at tla^ tlofliaiti.drtl Ivxperiiiiriilal 
Station (Ilertfordsiuri*) indicate that ruin ivalrr is rieher in ehkirine 
but [KKirer inammoniaeid an«! lut.rate nitrogen in winter f liiiii in siintiiiiis 
This is shown by the following table ^ (p. 2211. 

As a rule the amount of nitrate nitrogen is iippriixiiiiiitely imlf iliai 
of the ammoniacal. Tlie ammonia appears to arbt* i'rtiin seviuiil 
sources. The sea, the soil, and the aimospiterie polliitioit roii.srt|i«itt 
upon inhahiterl areas may all eontrihuie. Tliiit the siii! ts iiii tiii|iiirtiitit 

J IngltS TrmMvmd /Igrir. J., HHIH* 4 , 104. 

Bevctll, UefMfH Agrk, IIWl' Burtmdm: imp, Ufid, IIVjI fm |!iar-l5W!i ; 

Ohenu Bm. Ahdn, UUO, ii., IHI4. 

^ l4'attior, Ann, UrjmH imp, ikpL A^jrir., 1004 tisri, |i. Igi. 

^ (lmy\ (Utnkrburt^ Afftir. Cull Mmj, XtmZmitfmi, lull*, 34, 

^ Milli'r, (Sent. Mrimr, #SW,, Ulia, 16, Ml* 

^ Jurite, *S‘. Afrimn J. Nri., 11114 , 10, 170 . 

^ Riehfirds* J, /p/rtV. MeL, 1017, 8. |mrt 8, p. 381. 

* liuBseli mul iiifhiirdii, ibid.^ IIJIO, 9 * purt 4 , jaui* 
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factor is su^<?este(l by the ra<‘t that the ammonia content of rain water is 
hi<^di (lurin<^^ periods of <^n*eat. biocluauical activity in the soil, and low 
during* |)eriods of less \ i^a)rous biochemical activity. Tlie close rc^latiou- 
siiip bt'tween the amonnts of ammoniacal and nitrate nitrojL>(‘n indicates 
cithca* th(‘ oxidation of ammonia, or a <*ommon origin for the two; 
<*onceivably l)oth. 



par Million. 

Lb. pcT Acrev 


Nov.-tVl). 

May-Ang. 

Nov.-F(d). 

May -Ang. 

Ammoniae*al nil roge'U 

Oaa 

0-15 

0*78 

1*00 

Nitrate* uilre>ge‘U 

()*bS 

()-‘21 

(M.() 

0*17 

Fhlorim* 

3 *;m 

I-38 

7 -r,i.) 

8*08 

Dissolved oxyg<*n 

n -2 

0*0 


20*8 


It is on ae<‘onnt of its sofi.m\ss and ax'raiion that rain water is par¬ 
ticularly <‘orr(^siv(‘ in its action on metals, and, if it is to be ns(‘d for 
domestic purposes, i^reat cart' must bt‘ cx(*r(‘ist‘d in its (‘olU'ction atul 
storage. Iron taid<s art* rtaufily corroded, and lead is dissolv(‘(L Stoiu^ 
or concrt'tt* tanks may bt* us(*d. 

5. Rivor Water. The composition of river waU^r is lar^a‘Iy 
d(‘pcndent upon tlu* natun* of tlu* soil through which l)oth it and its 
tributaries How. OrijL^inatin^, perhaps. In a little spring of n‘lativ(‘ly 
pun* wat<‘r isstiin^^ from ij^ranitic or schistose* rock, it may ()ass through 
a nuamtainous distri<*t, gradually swt‘lliug in size ns it absorbs tlu* 
waters of oth(*r pure* springs and streamlets, until it rea(»ht‘s tlu^ fertile 
plains below. it takes up large* e|uantilie‘s of soluble* matl.e‘r both 

directly and through its tributaries, niul hnally dise‘harge‘s its burde'u 
into anotlu‘r rive*r, itdo a lake*, or <lire*(‘t into tlu* se'u itse‘lf. 

An exe(*lU‘nt illustration of this is tlu* Caelu* la Foudre* Hive*!* in 
Ce)lorad(>, which i)nsse*s through country aiudogous to that d(*scrib(‘d 
above auel ultimately discharge's into the* Rive‘r Finite. Thre'C analyse‘s 
of the wai(*rsare give‘n ^ on p. 222 in which the* dissolv(‘d sul)sianee‘s are* 
(‘Xpre'ssed as grains per imperial gallem, one* taken n(*ar its mouth some 
three mik‘s Ih*1ow (iren'ley, tlu* se‘C(>ud two milt‘s abe)V(*. (ir(*(‘le‘y, and the 
third n(‘iin*r its source* (above* the* north fork). The* (*nornums inere*as(* 
in the* ameamt ni' dissolve*d sedids as the rive*r le^ave'S the granite* for the 
plains is noteworthy, rising frenn 2-H to 111 grains per gallon above 
Greeley. 

Whilst tlu* absohite* amount of dissolve‘d mutcrinl carried to the sea 
will gradually increase from the soureu* to the* motilli, the* actual eton- 
eemtration, as <‘X|)re*.sse*d in grains pe’r gallon, may fall as ilie river 
inere‘ase‘s in lutlk through dilution by purer tribtiiarie's. During time‘S 
of flood, too, tlu* prope>rt ion of salts may eliffe*!* \a‘ry eouside‘rably from 
the normal, and tlu* e*ompe>sition of the* water near the mouth of a river 
niay give a c‘h*ar indi<*ation of the particular area in which the excessive 
rainfall or Hooding has occurred. 

^ Clarke^ “ Tlu! Data iif U.tS. (hml Burveif, Bulkiin 61(1, 6rd ad., 1916. 
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ANALYSES OF THE CACHE I,A POCHRK RIVER 
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N'l'itr ilu< .''■■iiii T, 

« ‘V 

‘I'llfor \|||rH Ih'IoW 




■« irrt-lry. 

t U*i'r|oy. 

CiiO . 



iH-nnh 

M•0H7 

MfjO . 


(>• l-'.IT 

tit'urn 

Tromi 

NiijO . 


(> .'IT'itl 

i i-rino 

!l'li7 

K,() . 


ut»N.ir. 

0- lal 

0'M7'2 

(Al, Vv)J), . 


O'ttj i:i 

i.i’o:*! 

o-o:in 

Mn,(X,. 


otmi.s 

t I'ari • 

tl-OTH 

C’O.. . 

* i 

O-tiO'J'.i 

a'imi 

.7'OH 7 

Sio’,. . 

* 1 


t-mio 

o*o:»i 

SO.," . 



al'tl'Tli 

:io-:i7 1- 

Vlj. 



2-7 ;u 

2-t to 

Ti.tiil . 
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The follcnving iiuuly.st’s itrr ti|* tht itntu ttlifiuiinhlr 

from tiu' examination oi' rivt-rs : 


ANALYSIS OF THAMES RIVER WALEIC 


t’hloriia^ 

TAKEN AT HAMPTON.' 

(Parts }it r j 

M* uri»i-iiiir iutr*iprn 

IMl.Vi 

l‘'n»o ruaat*»rurt . 

. niOL* 

rsU'ltMlI; . 


AUaiininiucl . 


iJCi 

Nitrngrii UH faiO 

' ErlTloMi»a«! 

/rll 

TuIhI (HJiiOnniHi 


I'm* ill 

. :iI";m 

ANALYSIS OF 

WATER FROM MISSIS.SIPFI 

RIVER.^ 

t:a('()., . 

(Parts |H r lutMXHt.) 

. X (as iiitrafi-l 

ti’llii 


. PhttO 

X {as lilt rtf *'1 

IMIflOH 

CaSO,, . 

. 1 -TfiO 

CO, . 

moon 

XaCl i K(‘l . 

. t5-{)K(t 

Nil, Ifri'ri 

O'OIH 

Si()„ 

. I-»K 

XII;, fnllTtiiiiiiiiiiil 1 


I'VjjO;, i ALOy 

. 0-21> 

Toiii! soiifis , 

2Mri 


* Ricliml, iLi Ptmjlmiitm iHliTi 

^ E. Morgim, Vhem, Nmn, 1921, laj. III. 
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ANALYSES OF RIVER WATERS. 
(Expressed as ])arts pcT 1()(),()00.)^ 



3'ha,nu‘H - 
('rwifkan- 
hnin). 

Se'iiK' 

(above* 

Iku'is), 

lihiru^ 
{8( rass- 
burg). 

Rhone 
((Jen- 
evei). 

Spree* 

(lierlin). 

Danube'* 

(Vienna) 

Fal(‘iiim (*arbonatt‘ 

18-23 

9-20 

i3-r>(j 

7-89 

0-50 

8-37 

Mag;nesinin ,, 

( aleiuni sulphate' 

1 17 

3-90 

0-51 

()• (.9 

0-90 

1-50 

O-Ul. 

2-00 

1 - 4.7 

•t-0(> 


0-29 

Magfiiesiinn ,, 

.. 

^1-00 


0-03 

• . 

1-57 

Sodiinu ,, 

2-80 

\i-3r> 

0-74 

O-GO 


Potassium ,, 

()-05 




0-00 

>0'2() 

Faleium chloride' 

Sodium 

2-r>o 

I-OO 

0-20 

0-17 

1 -20 


Sodium nitrate' . 




0-85 

0-30 


Potassium . 



0-38 




Iron oxiele 

# • 

“1 

ro-r)8 


^ I •:«) 

0-20 

Alumina . 


M)-80 

< 0-25 

0'39 


Silie'U 

0-39 

J 

(^4.-88 

2-38 


0-1.9 

Orgrani<‘ mat te'r . 

1-97 






''i’otal se)liels 

32-91 

17-90 

23-18 

18'20 

j 11-40 

12-02 


(>. Lake waters d<‘rivi‘ ituieh of Iluar solid inaUa’ial from iiu‘ rivers 
feedinjK tluan. If (h(‘ lakc^ has an exit, in l.lu^ form of a river or s(‘ries 


ANALYSES OF THE WATER OF THE DEAD SEA. 


(Ih*r cent, hy wei^dit .) 





Krhulniann,'* 1912. 



8(.ut'/e^r and 




(lentil,'. 1857. 

Rmtili,.- liW)7. 

At. no ein. 

At 300 e*.ni. 




I)(9)th. 

l)(a>th. 

KCl . 

1-008 

1 -357 

1 -5208 

1-4318 

NaCl . 

7-583 

8-788 

7-H.7r>() 

7-9325 

NuHr . 

* » 

. . 

0-.72()0 

0-5212 

eaCl.. . 

2-898 

2-384. 

3-0800 

3-0903 

MjiCi; . 

lo-Ki.n 

8-991 

10*0299 

10-3125 

MgHr.. . 

()• "j.'t I 

0-3GH 



Cfiso" . 

0-0!)0 

0-141 

0-1400 

0-1412 

CaCO., . 

O-OOI. 

. . 

trace 

trace' 

Fc,o; . 

()•<»()« 

trace 

tracer 

traete- 

Organic mnlt e-r' 

0()‘2() 


t rac‘(‘ 

trace 

Total solids . 

22-!50 

22*02 

23-8500 

p24-i309’' 

Di'usity 

1 182:1 

M:>Ki 

M2 11 

M330 


at 17-5 ■ e. 

at 17-5" e. 

at 15*’ L. 

a t 15^’ C. 


» Mngimrrintj Chr.midnh (C’roHby LoekwotxU 1H94), wlierc^ numorous 

analysas are givaa. ' * Itiilaal. ‘ronby I.ookwood, 1897), 

•* Havaral other imalywH are given hy Wolfbauar, MohuLhIi,^ 1HH3, 4 , 417. 

* QuoU*(I by Stut'/.ar and Itaieli, ('firm, ZnL^ 1907» 31 , H45. 

HtuiZfT and Ilabdi. h(\ eiL 

® Friadnuuin. ihid., 1912, 36 , 147. S‘aa iUho FrenaniuH, VerL (Jen, Dent, Naturjomch, 
Atrzte, 1913, p. ilH. 
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of nvi‘rs nm\ strrnins^ n iiattira! halanri', siilijrrt In iiuiiur ilurttuitions, 
will hr niainfaiiirtl hotwrni thr outi-nir' nalrt's ,uii| ||n»sr lra\iH_ir for 
thr sra, aiul tlir tiH'ari rcau}M»Mtirui nl tlis- lafrt* \\a1rr% uill ituf ht* \fry 
diffrrriit from that of tlit-rulrrmu natrrs. Ihit tl I hr hikr ruia|»|rtrly 
siirrtnuHlrd l»y lii^uh to'oimti. mitirrlv uith*»!it rhanurls flirounh wlut‘h 
t:ht' watrr (sin r.srapr in a iitirinal maniirr. tli*- t'\ri's\ of uatrr nttiNt In* 
c‘Xprl!i‘d thnHii^h |M‘rroIation ant! cvaftorafH»m partirttlarl) thr laftrr in 
hot rlimatt'S. 4'hr rrsnlt is that thr takr hrri*inrs uirrisisinidy saiiiu\ 
and saitiinditin mays in runrsr r»f aifr.N, hf' rrarhrd, and tlu* t*\(‘rss 
suits drpositrtL Siirlu hu' rxutnpha is tlir rasr with thr Ihsid Sru in 
Pult‘stiu<% whitdi rrrrivrs thr watrrs of thr Jonhin and othrr minor 
streams and rivulets* hut maintains a fairly eiinsfaiit Irvrl mainly 
through evaporatiom 

It will he ohsrrvrtl that in thr rrstdts nnrn hy Frirflnianii tlir watrr 
is slightly morr chaise at thr lowrr ilrpths dion rno| than at aU rin. 
The waters haniing tln^ Dtsid Sra arr maud) iVrvh and, hnnn^ intieli Irss 
dt‘nsc% tciul to rrmain in tfir surfarr lavrrs, ddfiisatu talung pliifs* 
relaiiv<*ly slowly. Nt* dmiht this ac'i'oHnts l*»r inan\ rtf llir vartaticais 
ohsca'VC’d in tlu* dtiisitit’s of the watrrs of ndand lakrs ami sras as 
dc*lt*rmin<‘d hy diffrrent invc^stigalors who h:;nr not usually stafrd the 
pn‘<‘ise dt*ptJi at wla<‘h thrir sainph s wm f ik» n. d'lus pluaionirimn 
is very markc‘d in the ease of errtaui tidal rurrs, and has liitig hern 
known. Mullet* for exnmfilr. in hsiudirw altentiiiii to d m rciniut’fion 
with tlu* Hivc*r Ihaim in N\ Irc landd 

7. Soil Water. The .sea may !»r renat'drd as an mornions lake, fed 
l>y most of the rivi’rs of thr world* and dsilf without aii\ mrans of 
diseharging its evrrss wntca* c-veept through euiporatum. Mi id ion has 
already hcssi madr <»f tlu' fart that thr worltl’s rutas an* rontmiially 
pouring enormous ejuantities of dissohc’d salts into tlu- sc iu * stnnafrd at 
about 27*^5 million tons prr nnnunn with thr nsulf that thr sea is 
hewming inereusingly snlinr. This is pn»!*iih!y not the only fartor 
afft*eting the c’omjxisitton of scsi watc’r. Another ties in tlu^ lac*! tliat 
the s(*a is eoniinually eneroaehnig on tlu* land in smnr dislrmts aiul 
receding in others. Thus* on tlu* Hast Vorkslnrr roast* south t»f ilrid» 
lington, near Kilitsea* it is eroding the boulder rlay at an averagr rate t4’ 
7 feet per year. Bid^ for c‘Veiy sejuarr mile washrcl away i»n the Vf»rksliirr 
eoast, U sepmn* miles luive hern gained in thr llnmliti* and ilir Wash ; 
but of eourse the composition of the lunv soil is diffriTiif, and thr iltffer« 
c*nee represents tlu* solvcait action of thr sra. Tins type of r!i.angt% 
taking pla<‘e eontimumsly all over tlu* globe* is* t,!irr«-forr, ii second 
fac*tor. 

No (loidit ihcaa* arc others* some bring of a <*oiiiprii.\iilory nidtire. 
Such, for examfile, is the* crimination of cidcaufri ciirboiiiite *as corah 
chalk, etc., through biological itgcncif*s. 

The changt*s in composition of ilir wafer, liowcvrr, on accotiiii of its 
vast hulk, arc so minute* that analysis is cpiiii* nnabtr to ilriwi them. 
It has beem (*Htimati*dthat (JHtKCHH) years woiitd be rriphred for tlu' 
riveu’s of the* world to disc-hnrgt* at their present nitr solltf.*irnt <*alriimi 
salts into tlie S(*a to dotibh* the C’xist ing amouiti. 

The most abundant dissolved substaiH^rs in sni-wider are sudnifii 

’ Mitllei, /f.d.. 1840. p. 227, 

Avi4iury. Tht Sctnrryttf (Mneiiiillfiii. |i. fils. 

® Miirmy tntti Irvim*, /W, Itmj, .87#*, Kiin,, iMHfl, 17 , liMi. 
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(*hloriclt‘ and ina.oiu'siuin chlnridcN ])()tassiuni salts and bromides also 
bcint,^ prestid Inif in smaller (pianlity ; tlu‘ pr(‘st‘n(‘t‘ oC the last-named 
(‘lass of sails is <»r iidtaa'st Ix'cansc' practically tlu‘ only source's of bromine 
at prt‘S(*nt are sc'a water and the saline dt‘posits from dried-up sc'as. 

By ih(‘ s((liuifjf of st‘a water is muh'rslood the numlx'r ot ^u‘ams 
of total salts in lOOU nrams of the \vat(‘r. d'his may b(‘ dcdcTmined 
^>*ravimetrieally or \ ()hunet.ri(*ally, tlu* latt.tT method t)ein<>[ the most 
usnah the (*hlorine Ixani*; dc'ti'rmined, and IVom it th(‘ total salts eahai- 
lat(‘(L This method of course implic's suitabh' laboratory laeilitic's, 
and it these are not available' tlu* water must b(‘ stor(‘d until su(‘h tiim* 
as it can Ix' t(‘st(‘(l. To obviate* this dillieully atlemj)ls Iiave bexai mad(‘ 
to delt'nniiu* salinity by (*I(*(‘trie (‘onduetB'ity nu'asurc'nu'nts. Jiy 
employinjLi'a standard st‘a water and eo!nparin<j: its eonduetivity w'ith that 
of the* unknown samples, it is claimed that \'(*ry ae(‘urat(‘ r(‘sults are 
(‘asily obtained at sea or under conditions (‘ut irc'ly unsiiitablt* for ordinary 
laboratory w(a'kd 

The analysis of Atlantic watt*rs may lx* rt'o'arded as typi(*al of lar<(e 
oceans. I'lu* M(*diterram‘an walt'rs an* more* eomx'ntnded," [)a,rtly 
b(*caus<* of tlx* hi|j[h rate* of evaporation, and partly Ix'canst* h'W rivarrs 
How into it. Kven more concentral(‘d art* tlu* walt'rs ot tlu* Rt'd St'a,** 
for similar reasons. 

The water of tht* Baltic St‘a,“ on actanmt of tht* continual inilux of 
rivt'r water and its relatively limited (‘ontact. with tlu* opt'n tx't'an, is 
comparatively tree tVom dissolvtxl solid matter; it, contains u]) to IS 
))arts per 1000. An open tx*t‘an like* tlu* At laid ic contains from 32 to 
38 parts per 1000. 

An interestiuj^^ comparison of the waters of tlu* Atlantic Oct'an and 
Mt'diterranean Sea is i^iven by Schltx*sin^ as follows : 


DISSOLVED SALTS IN THE ATLANTIC AND 
MEDITERRANEAN. 

(Ihirts pt‘r 1000 at 20'‘ C.) 



AdanUts 

Mt'diU'rraiX'an. 

Lalcium carlxmnte 

0*000 

0*127 

Lime (not inehj(h*d above) 

0*510 

0*500 

Sulphuric at'itl 

2*120 

2,551 

(’hlorine .... 

17*830 

21*370 

Bromint* .... 

0*000 

0*072 

MaiiUf'sia .... 

1*003 

2*301 

Sodium oxidi* 

13* MO 

10*017 

Potassium oxidt* 

0* 1-13 

0*510 

Total salts ptu* litre* at 2(L C. . 

30* lU 

43*013 


* 'rhiiriiH, ./. WnnhintjUtn At'atl. Sri, 1021, II, UU>, 

Clenriy Hliuwn by the tiata in tlu* ji. 22(1 

Analyses are given by Nidti'rer, 100(1, 21, 1037 ; 1810), 20, 1. 

* Heh!«a«ing, (knnpt, rrntl., 1000, 142 , 320. 

VOL. Vii. : L IG 
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Frtiiu fori'ijuiitif ilat.i th*- ralm ul fti* i.f sails in tht* 

Atlantic \o that la lli*- Mrtijlt-rraiir.ia is a-sm;. 

The laran results i»l' aiial\si-s ut* ‘J'i satuph s mI r fraiu 

the Atluiitie are \*\ Makiu ^ as JoIImu m \|»iTssr<i as parts |ht 

ICHHM : 

SiHiium fkiMtiar . . , . I'af. insu , , i.atir, 

PnfjWHiutu rhl«»ri*lf . . • a , a* \|'.4.ai»-'Mi.i3n . , a tUa 

.Ma|.aa‘.sjn!ii rlilMi-jilr . , . .n*,:* i u|. sssiU -jj a*- . , , 

MiiiineHituii ^ »? .iU'i U-i-4! i .... .ItUili;! 

I a r 

‘The waters uf tlie Irish Sea e»ailaiu th*' ’talts <||ssH!\Tti in 

theiu * eXpresseti as |»ai1s per H'HM) ; 

KitCl . . . IVU’IU, . . iilUH 

K(*I , . . Ir7-Ui ' ■ ■ asM'i* .. . . imhhu 

.Mgt'h . . . :Mal MgiXupu . , attiir fri 

Mgltri . . . U'UTi UaSHj , .1 S|.t p . tntts* 

:ia Slit I, 

jit t* , I m;!TiU .. .-U l-U, I 


COMFOSrriON <W Slv\ wxvku. 
I Farts per Mhnu I 


; 

AthinUe 
(leeiin. 


lUlliK, 

Sr if, 

niirl 
Sr a ' 

BjM'Uir j 
t treHnA i 

('1 . 

BH'Hl.. 

‘21 IB 

IB-BT 

‘e:#7 

IH'Ba 1 

Hr . 

unn 

B*2B ? 


B tlBa 

■ OUll ! 

CO,. 

*« 

cell 

, . 

B'2I8 

1 

.SO, . 

2-K.S 

2-riB :»'72 

<1-72 

I'2a 

2-TB ' 

Xa . 

KB MJ 

IB-12 iBiiB 


real 

1B«2B ^ 

Mk' . 

I-IH 

im B‘BB 

r-iu 

B'Bt* 

MI2 

Ca . 

0*aB 

B* tH B'Ba 

iMM- 

fUlB 

IM7 1 

K . 

o%m 

; Bt*H BBBt 

* . 

B'tB 

BUIB ! 

Ft- . 

! 



B'I27 


'rolui 

Bt’Hl 

j IH-BB ; HiuiH 

1 

IHUBI 

ITUIBB 

BI*7B : 

TIu‘ (leusitv af st 

*n water ibhv he eiileuhil 

ied With 

a fair 

ilrifree ol 

avmmvy hy 1 

<lett*rjuiuntiou of the refritelite 

iuilrxA w 

liieli, for a eon 

stunt teiuptu’iittin* is 

tliru‘tly proporiiottiil to 

I lie ilflisily rale 

lihifeti 111 


(\ III other words, 

//', fi, K(</*„ tt„). 

t Makiiu Chrm, A’rww, IHIIH, 77 , IfA 171. 

* "tlutriie fiml Marten, Trmm, i'htm, Xor*,, |H7h 24 , i'Wtil. 

® At <’aj>e Hern, BiUriu Anmtlrn, tH5l, 77 , IHI, Several ttiiiilvsi-e** »4 Atittiili** 

<»tT the Argtaitine eenst «re given bv C'nrti lutd Atviire'/,, AmtL AWr, V/hhb, At^rnhtm^ UllH, 

6, 108. 

^ Bihrit, Um. rii. * At Alnrsihllist, I*inireii,n, J, Hmrm,, IHIIA, 3i, lilt. 

® Bfiiff* iSehmitjfjfr^^ I Hi 7, 22* 271. 

^ (hiheh ({Ueteci in Hiurpe'H r#/#7#ri«i4r!/f biiigliiiifi-s, v., 

p. r>0r>. ** Bilira, l#r. nl,, Il-A fitelrr« fr«»iii iiitrfitre. 

® Viuirnheurg, riairf., 102I, 172 , Htm. 
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whcTC }\'i and }}t t-{u‘ n^lVnctivc in(Iic(‘s of sea, water and distilled 

wat(‘r n‘s|){‘eiiv(‘ly at /' Ct and tluir d(‘nsiti(‘s at ()‘\ and K is a 
eonstant d(‘j>endinu’ <»n tlu' Itanpcraluna 

FORMATION OF WATFR. 

\Val(‘r is produced in llu* oxidation of hydrooxai by (V(H‘ or eornbined 
oxy<»'(ai. ddu‘ relaiiva* volumes of frc'c* oxy^Uii and hvdr()i>X‘n at ()*" and 
7()() nun. whieli undergo eombiualion ar(‘ 1 : 2-0()2<S*S, or approximatc'ly 
1 : 2 . Althouiudi a inixlun'ot* liu' two ^asi's in (h(‘S(‘ proportions, known 
as ''dt'lonatin.i*' is stabh* umba' ordinary conditions, no ehan^X' 

b(‘iny^ obs(‘rvablt' exaai aftia* prolon;j^(‘d pca-iods of st()ra^U‘ in t,lu‘ al)s(‘U{*(‘ 
of li^ht at, room tenpx'ratunx tlu‘ int(‘ra(‘tion of tlu‘ <ras(‘s ea.n b(‘ 
a(*e(‘l(‘ratt'd in various ways. 

1. Suidii»iil can produec* a slow but apprc‘eial)lc^ e.ombination between 
the <j[ast‘s,^ tiu‘ action luan^ dm* to tlu‘ ultra-violtd rays. Ultra-violet 
radiation afh'cts botli (h'tonatiujuf t^as and water-vapour Rauliiijn^ in each 
(*asc‘ to product* an etpulibrium iH‘twt‘(‘n t lu* vapour and tlu* (*onstitut‘!it 
cit‘meids; “ with in<*reas<‘ in iid(‘nsil,y of the illumination tlu* (‘tpiilibrium 
shifts in favour of furtlu'r dissociation, but, tlu* pro|)ortion of dissoeiatt'd 
vapour at the position of (*(|uilibrium is very small, ddu* proet'ss of 
combinat ion probably proee(*<ls by tlu* st,a,i^<‘s‘‘ 

II. I (). II.O.; 

IIA). I II.^ ->ll./). 

2. Radioat'i iV(‘ substances t‘an indu(*t* t lu* (‘ombination of hydro/jf(*n 
and oxy^jjen ; tlu* elTecl bein^ possibly (hit* in part to a primary con- 
\'ersion of tlu* oxycfc'u into o*/oiu*, but this cannot r(*pr(*S(*nt, t-lu* sole* 
ineehanism as onct* niorc* the <*han<ift‘ l(*ads only to an (*(|uilil)rium, and 
wat,(*r-vapour uiuh'r similar conditions bt'comcs partially resolved into 
its (‘lcnu*ntsA Tlu* a-rays an* most aclivt* in this r(‘sp(*ct, althou^di it is 
possil)l(* that fi and y radiations adso cx(*rt n subordiiud.c* inlluciua*/* A 
mixtuiH* of hydroiren and oxyt(t‘n nmy (*V(*n explode under tlu* inthu‘n(’(* 
of radium cmaiudionJ^ 

The silent eh‘ctri(* disclmrt^u* aipp(‘iirs to la* rt'hdiv(*ly inactive* towards 

detematin^r a;as.'^ 

Rise* in tempei‘alurt* is, in practice*, tlu* simpl(*st process for in¬ 
ducing (*hctnical action betw(*en hydro^(*n and oxy^u*n. It is su})})oscd 
by sonu* chemists that the abs<*nc(* of (*lu‘niical action in d(‘t(matin^^ ^ms 
at the ordinary temperature in tlu* abse'ius* of Ii<(ht or of radioactive 
substan(*es is only appar<*nt, tlu* a(*tual nrtt* of combination merely 
b(*ing iim small for <iett*ction by the usmd methods; with in<‘rcas(‘ in 
t(‘mperattire the combination is a<‘ccl(‘rat(*d so that it b(‘Comc‘s per- 
(‘(‘ptilile or eve'U i*xplosive*. Tlu* iu*cc‘ssary heat (*an bt* applied in 

* (inker, /Vw*. i'htfii. iSVn*,, 1(102, 18 , 40. 

AadnVtT, ./. Uhm,h. i'hrw, Sor., UMl, 43 , 1842; ('<k4ui, H)H), 43 , 880; 

K(*rnt>autti, /O///, Ai'ttd. Sri. (*r(irttu\ HU i, {A}, 588 ; Thicks Arr., 1007, 40,4014; 4'inn, 
(Unnpi. rrnd.^ 1011. 152 , 1012, 1488. 

(VnOtii nod FrMsvhriJt IT. StrunU 1012. 180. 

* DnviH fuid KiiwurtiH, ./. Stw. (*hrm, Itttl., 1005, 24 , 200 ; Lind, J, Anirr. ('hnn. Soc.^ 
1010, 41 , 581. 

Uchienn*. /Liw, 1014, i\*., 2 , 07. 

® Hrlu*ncr, ('tuiipt. rrnti., 1014, 159,428. 

' Kirkhy. Idnl. J%.. 1004, |0j. 7 . 228 ; 1005,9, 171. 
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varicius inannt'rs, fur rxainplr by suildru fuiuiirrssinu.^ h\ .iit r-Irrlrn* 
spark, lyv a llauit*, or iyv ati iuraiulrsfriit I 1 h i"iiilittii ft iii|irrji!urt‘ 

in (Irtiaiatini^ uas a! wlnrU sfif uiaintauiin*,! i-Miuhiist imii is inilialrti is 
varln!>li' i»u arauunt i»f th«' inthn-nur sr^rral taut Mrs, l♦l|| is •aiUTallv 
lu’t wriii r>(H> aiul lion T’. ' AHhuii-'h Misfinanli " »lr\ ' ‘*iMfiti»r yas 

will (‘Xploita rratlil)', a \»i*\ 4*arfluU\ nnxtnr* . aaii a-, fhaf uhtaiiird 

hy pntliJiii^rcl rxiH^surr tu p!ju'sphurn*% prntii%ui« , is fuiirii b ns pruiir Id 
cluiuiral c’han^t*. A .sil\'fr uirr may In- laatril !*» iii-aiHi in this |ras 
witinait. nausinu nno'r t iian Uasil uumliinatiun nl liy*lru*»i u aui! u\y«a'ii:‘‘ 
iKOVfVrr, an t’Irtdrin spark will mtlnri- i xplusiuii ? *|uafl> u«, II m tin- drird 
and muirird « 4 a.sA j-mdiably un autaand uf I la- ImflaT tlrr^ns-uf lira! 
applied. C'nndnnaHuii nan uc»‘ur htjuu tia nnotiuu tMiiprratnri'. lad 
will tluai iu’ CHadimitJU-s (in flu* ahsiaHS- ul rata!) si si uiil\ as luiirf as the 
ttauperat-ure is niainlaiiietl by rxtt rmd suuns-s ul 

If. is nf interi'sl tn mde lliiit thr prt st-ms- mI turi'n.ni leisi-s has a (aim 
Hkh‘rabl<’ inhibitin»| rffmt tm tla- e\ph»si\raa-ss id* a. luivturr uf li\dri»*4en 
and cixygiiu The ftihiounii nnmbirs-* mMur: the VMtlmia' uf \ariaUH 
^ases rta|uirt*d tu prevent the lAplusnai *»! um- »»| detunalmn ^as 

hy an tdeetrit* s|aHrk are unl\ uf is lafnr aud nut uf absutide value, 
!)eeans(‘ rather witle tli^erurueies ina\ hr ubsiiat'd ujfh diffenait 
eonditiuns : 

Hydrogen stil|ihide . Os’* rrfrl»»*n deuidr . a n . , . U 

Kthylenf' . . .1 OnrO**n fiiuaM%idr ■$ }2 

Ammonia , , I ' llytlrogiat ehraid*' , I v. II 

Hulphur tlioside , XUrous «»sido ** 

This is din* prcdaibly in [lart tu the nmapial i-fCeid uf lie- snrfaer- ed‘ the 
reaidiun vesscT 

Tlu' effetd td' the waits uf the euntannn*i vessel un lie eumbinidinn 
ofhyalrugen and uxvijen is nnaady a spread ease ufa urin nd phejiuinenun 
which has alreiuly received nientieai fp. TO llvtlnean Ntresuniicd un 
to a warm platinum spiral in itir will raise the- teiuperaf nre id' f li*-' spiral 
to nahuvss by tlu* h<‘at of its cumhustiun un fin- surhus' uf the iiielah 
and indeed may even inflame.*^ riiduiiim wire- ur fud wdt nut cause 
t!u‘ ignition of dtdonnting gas iinh-ss prt'viunsly wanned tu alnive Tdi' 
hut in a fmer state of divasimi sueh as the spumu- ur “ blaek ” 

. ohtainalde hy chs'oinposing amuitniium eldurptatinafe ur ehhirpiatiide 
acid, idatimmu c*v<*n without j-as’viuus warinuig, wdl ifidin'r- siieli 
vigorous coinlauaiion of the two gases as tu cause an e-\ptusiiiiiA Siieh 
finely divitlcd plaiintun in ii short time luse-s iH aeliv ity, espenally if 

* See Dixim. Trmm, i'hrm, *SW., llUii, 97, ||7I ; IIUI* !«$. 2 iOik 

" See Uixon, /rr. rd. ; Fidk» J. Amrr, i%m, XV^r., tlHifk /H. ialT ; |W-»T, at?, I.VIIi; 
M»lljirci innl U* Olmtelier, CtmipL r^mL, iHHii. Sr*^ til-'j.t Fu -u-r *4tid VIsurr, ihr , 

181 ) 2 , 25, B22 ; Mitseherlieh, ifmL, iHiKU 2d, H«l, :tii*r 

•'* Hnkt^r, Tmm, (^hrm. HMri. 81, 4on, 

* Dixon imd Hrinblmw; Prm\ Hmj, .SW., Hiot, jA|, 7d. 211 - 1 . 

^ Henry, /br«. Phil, Ih:IH, 35. 402 . See it|m» Tnrner. Adue piul J., |'s2l. 11* !n; 
1825, 12, 311; Turner iind Fitriidfiy, Jan. PAi/.e rVe-m,. Is.'M, |;!|, j;|, |.|ii; iliifiwn, 
fhsmfiririmhr Mdhmini fVievveg, I877n I’eMnunll amt .!««, r|iu#i, riiir*,. |S-|!l[ 

|:f], 26, 221); Bmlde, fiwog/. HH2, 7I. hill; ruiifird .»rid flriti’rlrV, rui«^. 

(Jhem., HH4. 105 , 18511. 

« Dulong iind Thfmiinl, Antt. lH2:h 33. Fin; 24, IIhu , ilrrliiief. J«ii, 

t8«H. 3S»7IH. ' ' 

^ Ueliirive iimi Miireia, *bui. Vhiffi. Ih28, :v*H , Urm%, 'IFei , 

6 » *104 ; 1831 , 9 , 324 ; Doeliereiiier, AV’/nruVC'^’-'* *A. 1822 , 14 , l»| ; |s;e| '|8 :i‘U -itt - 
1821 ), 42 , 110 ; 1831 , 63 , 4115 . ' - • .e#* 
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l)r()iii»iil into (’(Hilac*! with (H‘rlaiii suhslaiu'cs such as ammonia., 
hydrogen sul})hi(U', or (‘arhon disulphuU' vapour. It can, however, he 
reviviiied hv moistening with nitric acid and drying at 200 " C.^ It 
ap})t‘ars prohahle that the piH'Staice ol* moisture* is necessa,ry to tlie 
catalytic a<‘li\ity of lincly divided platinum towards d(‘tonating gas 
at the ordinary U'tnperaturt‘.“ 

()tlu*r nu‘tals than [)latinum also can alTcct tlu* rate* ot* rormation 
ot watt*!* IVom gast'ous hydrogen and oxygen.** Palladium resembles 
])latinum in activity, hut many otlu'r metals arc* lt*ss effective, examples 
being osmium, iridium, gold, aiul silvea*; nu*r(‘ury apjX'ars to he without 
inlluc'ncc t*vt‘n at its boiling-point. Rc*dn(*ed (‘oppe*!*, wlu'n hcate*d 
in (h'tonat ing gas, commences to oxidise* iu‘ar 250" C\, the* oxide* })e(*oming 
vigorously reduet*d with iiH'andcsct'nct* at a. soim‘what higher tempera.- 
turt*; ‘ cop})t‘r oxide* exerts a mark(*d e*alalytie' c‘lTect at 300" without 
unde‘rgoing visible* reduction.*'* Su(*h behavieair sugg(*sts that the 
catalytic actieju e)!' the* ne)ble‘r nu‘tals citesl abe>ve* may de*[)e*nel e)n a 
primary condonation with one* of the constitue*nts of tlu* gast‘e)us mixture; 
I'oHowe'd by regeneration ot the* m(*tal with Ibrmatie)!! e>r water.** The 
ae*livity e)!* the* noble* metals may, howe*ve*r, be% at le‘ast in part, anale)ge)us 
te) that possesse'el by all hcate‘el soliel surrae‘e*s, e*spe*e*ially pe)rous e)ne‘S, 
re>r example*, pumie*e*, glass, por<*e*lain, carbon, although the‘se* have* tlu*. 
pe)we*re)nly in a much le‘ss degre*e‘. In the* collenelal e*e)ndition platinum’^ 
anel palladium ^ ae*ce*le'rale* t he* unio!i of hydre)ge‘n and e)xyge‘n. 

'Flu* ceunbinatiem of hyelroge*n and oxyge‘n is acce>mpanie*el by the; 
libe‘ration of a large* epumlity ot e‘m‘rgy gc*ne*rally in tlu* 1 ‘orm e)!* Iu‘at; 
this acce)unts Tor the* \ igour ot the* t*xplosit)n e)!* a mixture* e)!’ the guse‘S^* 

2 ( 11 . 2 ) i 2 ll 2 () i 2 X <>S,30() ealorie*«. 

A eale*ulati(Hi ed’ the lemperatur<* produced by Mu; e’omhustion of 
hyelre)ge*n in oxyg<*n or air, based on the* above number uml the spe'eilie 
lu‘at ejf the stt'am pnHlu(H‘d and of tlu* nitre^gen pr(‘se*nt in the* ease* of 
air, give’s a ligure* gre*aMy in exee'ss of that actually ed)serve*d. 'Flu; 
diserepaney is dtte to a eond)ination <d‘ se‘Ve*ral eausex. Thus the; 
|)ro(‘ess is not instantaimous but gradual, .so that tlu're is time* for loss 
of heat, radintiejti c'spceially be*ing an important lae’tor. The* inere‘a,se*d 
spe'eilie lu'ut of steam at* sucli high te*mpt‘rature‘s anel a, sonu'wdiat 
ine‘e)mplcte‘ (*hange* em acesumt of a slight dissociation of steam at the 
tempt‘ratm*e attaine*d, are* other ia<‘tors (sen; p. 130). 

'Flu* wate*r pr<Hiuei*<i by the* direct (*tHnhiuatie>n of hyelre*ge*u and 
erxyge'u iVeejue*ntIy e*<Mitains traces of hydroge'U pe*roxide anel e)l nitrie; 
ae*iei. 'Flu* oeeurre nee ed’ Mu* former indic'ates the possibility that Mu* 

' S(4iwi*ig|4t*r, Sfhu'i tijop r'H iHin, 6j;, ^75, 

^ Kri'iH’li* ^ 7/fA I P.mhj, Hi, 

uimI I'ht Uijnl, /»«. ftl. ; Ih lnrivi* iunl Ac, cit, ; (^)H(nHU*HS(*a, ('(fHipi. 

nutl., UHri, 139, Sf’r aim* IImh .m-rit’.'s \’nl. IX., Part. I, 

^ (‘hrm. l.siKt, 17 , UHL 

'' .hauinia, tiU-l, 04. 

iHHh, [2j, 35 * ’*0t. 

• »Sf<‘ Kriwt, ZtiPfh. IIMU, 37 , 44H. 

‘ Pnnl HUil iijirtiiiaufi, J. prnkt, Phttn.^ IIKU), Ho, 337. 

Kingloyiiig thu e'ltrlita* ehUa «»f TluanHe'ii, /Ar., iH7'i, 5 , 7tl9 j iH73, 6 , 1503; 1HH2, 
15 , 2998, iZdtm'L miktriwhim., 1920, 26 , 288) given 08,380 ealuncH at IH" (J. 

under oiu.sl.ei! |»re«.HUrc. 
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priuiary t‘ha!i| 4 i‘ iituy hr a siiu|»U’ rtmiihiii; of luiilrriilt s with foriiiatiou 
(d‘ hvilroi^rn prnrxidr, this t‘uui|H»uiHl Mihsi-iiuritH) *h'ruiii|Hisi{i *4 inp^ 
ihr luort* ,stal»U* suhstaiirrs, uatn* atnl inaiiparr p. 77); 

In* foatiimous rfprtitio!i tin i-irtHTss tlu' tivyaa'U is at !;ist runiplrti’ly 
runvrrttni iuU) watrr. This possilnlity r*Tri\rs smiiu- routirmutiuii 
fnnu thv fact that an <a|uiiin»!rinilar nu\tnrr of anil hydni^^.u 

has a knvrr ii^idtiiai ttanprndtu'r Ilian drlonatiin^ aas, 

altlumi^di tiir rvidmrr is nut tinnld Tr.ns-s uf mtrut*»'u us iiujiurity in 
thc‘ i^asrs usrii rxplain thr frrtpnait ufininaaii-r ul small c|ttaitlitirH nf 
nitrie arid in tlu* watrr pruitiUH tl. 

•t. Wulta* may ht* pruilmaal by flu* tmnm uf liydruiuii wHIi rumhiiird 
uxygtin as» fur rxamplr, durinii tlir rrdurtmn itf «t\nirs. Aihanta|(f 
has hca*n takrn of this fart to tirtri’iium- unu mirt nrally I hi- ruin|nisition 
of wairi\ as witnrss l)unuis‘ rlassirai rrsrurrfu s on thr- luriimtiini i>f 
watrr by thr mlurtion of ri»pprr iixith*. 

5. Watrr may also lu* torimat by llir drromptudiuii uf a, rumplrx 
mokanilr routuiiuiig hydro.urn ami oxytn'U atoms or b) tin- mtrratiiou 
of two t‘oni[)lrx inolri'idrs. As an rxainph' ol I la lormn* may la* 
mrntionrtl thr utiitm of brat on a liydrosy fatrd substauri,-. i‘hus, 
sulphurir arid wlu’U diaippril on to a rtsl hot jilatr thfumposrs ttt watrr, 
sulplnir di<jxidr, ami oxypai. 

CUl 

OH 

and ropprr hvilroxidr y iritis thr unity tlrous oxtdr 

in(in\}. TnO lldb 

An illnstralitHi of thr lutirr typr is afforthtl l»> tin mt*rartmn of 
sulphur dioxitlr and hytlni^rn snlphitlr : 

so^ i 2U,j^ uiigCt ^ ns. 

PlTUklCWnoX <fF WATKtL 
PurijlvuiiuH ttf fi airr Jtir i'hnnirdl i^urptisrs. 

For arrurutr srirntilir work watrr must hr frrrd frtnn im»st of Ihr 
impuritit‘s driailrtl ahtivr, aiiil thr usual prorrdnrr rs ft* distil front flu* 
ordinary tap supplyx. Thr licputl is lu'utrd pn-IVraldy m a ruppii- vrssrl 
and thr strain rondrnsril by passagr lhrou| 4 li a <a*olfd iiihr r»f soiiir 
nurlmaal, e.g. tin, silvrr, tUM'Vrn phitinuin, wlmdi will rrsist thi’ art ion 
of strain. Surh “ distillrtl W’atrr is sufliritiiUy jairr tor most ordmary 
purposrs, Iml for sprriul purjaisi's a hi^dirr drum* of purify is iirrrssary ; 
in such rasrs thr water is rrdistilhni after thr adtlifion of pofiissitiiii 
pc’rmanijfanatr and potiissiniii hydroxidr ^ ; if inirrs of aiimioiiia arr 
to Ih‘ avoided yt'i another ihstdlation with thi" additioii of a little 
pot.ussium hydro^mn stdphulr is nrt'rssaryx In all lln-sr disl ilhtlions 
the hrsi portion <d*thr distillate should la* rrjrrird mid also a ronsiderahle 
residm* allowed to rcauain imdistillrd. 

Thr nrt'd for water of a. high di^gna- of purity is rsperi.dly Irll in 

^ Heti l>ixaia (-hrm, IIIUX 97 * Uiil. 

“ Htan, JahrmUrkhit IHCI7, 134, 
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expcriincntal work t)H llu‘ (‘krtrical (*oiuliU‘l.ivily of atpu'ous vSi)Iuti()ns, 
and many modilicalions of I he dislillaHon a{)})a.ra,tiis and ])r(K‘css have 
been pr()|)ost‘d Tor pn‘parino‘ such wntvrJ A relativi'ly simple distilla¬ 
tion apparatus (Hourdillon) is outliiK'd in Fi^*. 3(). 

Tlu‘ l)oil(‘r A, of approximaltiy i;5 litrcNS eapacity, is eomu^eted by a 
rubber bunuf with a (*opp(‘r lub(‘ H and eviiiuU'r F, wiu(ii sca've to remove^ 
particles ol* spray. In ordt‘r to ]>rev(*nt exet'ssive condensation B and C 



are jacket(‘d witli mm“Condu<*tin|y uiatcrial. 'liu* vcrli<*al tin tube I) acts 
as cond(*iiscr and is wab’r-tajok’d ai tin* two ^lass jutivct coolin^^ tubes; 
durini^^ the* distillation a (‘urrent ol’ purilled air slowly ascends From tlu* 
inl(‘t F. Tap watew is placed in the* boiha* and a littU* potassium 
hydro‘4't‘n sulphate is adehsl. After a short time* tlu* slcain is frea* from 
carbon dioxide. Fassini^ up the* tin tube* the sl(*am is coiuharsesl at 
the upper <|hiss jacket, so tliat the t'ondensed watta* (luriuj^* its d(‘SC(‘ut 

' .leiH'H ainl Miirkuy, Zut.it'h. plufi^iknl. t'hnn.^ 18^7. 22, 2H7 ; Trnfw. f-ht'ni, 

UM)5, S7. 740 ; 101. 14 ui ; lhirtli*y* FainplH'U, and ihU,, lUOH, 93, 42B ; 

4’hoii\ ihifL, IIH2, 101, 207 ; li<»urdillon. iVaV/., 1913, 103, 791 ; Paul, ZailHeh. lUvkirochtttLj 
1914,20, 179; fliileti, Zrilm'L phumkal. Chvm.^ 1899, 21, 297. Sen alno Kohlrausch, 
ibkl, 1902, 42, 193. 
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is suliiiiilttti til a * art 1**11 I*) flu stt'-aiii aiitl |iurt* 

air. Till* uiitrr is u| u lujili tif |>iirity, hut nf fiiiirse 

eciiitaiiis tliNscihi'ii It^ <irtint",il isuitliirlivitv 

is ruiiglily I Ht" rffijirttfal tthiu at Is ( , isi-r |u 

PlifiliiiititiH if/ If airr /r*f Ihitrirsiit' l^urpt-Lxrx, 

'fhls is a |*roiilrIli uf tisunuMUH ftMtiiuUur ilii|Hu1.tlirr. tivuiii* lu tin* 
lariat’ liuniht-r of fartors iiiMihr-il, utuu*'r**UH ^y-^h ius ut' uati-r |iiiriiit*a- 
tiuu art* in usr lu \ari«iiis |»arts nt fh?* uoiiih 

Storufii^, K\|»rriiiirHt shotts that sui'h natural u.itii's ii\ an* nut 
vi’ty jitirr to hriuu ar«' ur*'alfy uu|*rtOial h«i' |H»taltIr |iiir|iu\rs by 

.sturai^f. %Sus|niHifil uti|iunta's tfra*iuall\ -ailisaba *'arr\ lUi* with llit'iii a 
|H»rUou of thr hiti’iriial r4*itti-ul of t hr %%ati r, thus rruilrriuu t hr Mii|H*r- 
iiatant liquid rnii^idi rahl> j»urrr. 

lu adititiuu to tins, otliri* artanir tak* |*la*a a ftiuiiuiitiuii 

iu tlir nunihrr of hai'trna,* attiauuih soiurlnia •». Ihro,' is an imtial risr, 
ftillowrd by drrliiita d‘hr hartriituttal iffrrts air iUilurrd h\ a ^arirty 
uf <’iiusi‘s. thr lutirr uu|Hntant of uhirh an ; 

1. Suulijiht. Altiumoli ihffuNrit tiny hj»!*t has liul hlfh atiinii, dirrrt 
suuii^dd is a jHiuriiul harirriridr." 

2. Many roiuiiiuu ti»ruis of hh*, surh as |irotr»/i»a,, |■a|n«l|\ rtmsuuit* 
ur rxlrnuinatr patlai|*riur yrnus/'^ 

*i, Starvatiuiu Hi*' hartrria iitay ruiisuiur- I hr uhiilr of tlirir food 
.su()|ily. 

'h Toxins, llu‘t'\t‘rrlttr\ produrfs ol lh« haiis-ria iiia\ arruiuulatr 
to su(’h an rxtrut as to ptusoii thruu, Surh tusuis uui\ ivru |trovr 
<laugrroUs to hiuhrr huuis of liha m» that rouipirir ahsriirr *»| liartrrin 
dors not laiH-ssarily pro\rfhat uat* r is uhoh soiur, 

It, howrvrr, I hi* walrr i\ \rry i*«aKi tu la oiii ttitli, as, fi»r r\umph\ 
drrp wrll watnx stora^r rauiiot iiu|ir*o.» it ; imlrrd it iiia) lir drtrn 
lurutal to store* thr U'litrr, iiiaMiuirh as th*' Uitr> of au> polhifioii 
woidd tin* ar<*ouipatiyiui4 huidrria a frrr ftrld lor rapid iiiuilipliriitloiu 

In addition to a rrdurtiun of tin* harlrnal roiitnit, roost imtnral 
watt*rs inuh*r|*o dnrinyf storar'r sr\rral othrr rliaitiu-s \ihirli iioprovr 
them tor potahlr purposi's. Unis thr oriinoii* matfrr t« Oils to disiippraix 
rithrr throni^h srttlini^ or throunli o\itlalifiit ti» iiit-alrr, «*aiiiiiii dioxidr, 
rt(’. Ihc* hardnrss is rrdn«*rd taflirr hy ahstiiit'lioii i*f soliihtr’ ratriiini 
salts hy* ydanfs aiut anituals, or thnaiifh rvolulioii of siniir- i»f thr tlissolvrd 
rnrhon dioxitlt* into thr altiiosphrrr wlaa'rhy thr ralriiiiii lnrarhoiuitr 
hrrornrs transtornird into thr ntirinid I’lirlitinatr aiid srpanitr's out ns 
an insohddi' <lc*posit.. The* nitrogut caiMipoinids, siirli as aiiiitioiiia, 
nit rates, and nitrites, lend similarly to tlisnppi nr. 

Puritiration oi water through st*diiiiriitiitiiiii may hr nr*'ally nssislrd 
hy' thr introdnrtion ol powdered snhstanrrs anti partiriihirlv of rolloifK, 
althonirh tlirsr latter take* longer to sellle, Frniiklniiih* til it series of 
experiments in whi<*h srnnt* grams ol powdered elialk, i*oke, idiiireoah 

* »SfS' i'Cmwtua, kt'mtirt'h Hr^ntri^'* i*J thr II #ilrr lliitiii, fliiiH i!f|ll ^ JttOliifl, 

RuMHell, luift Zrtl. J, I, (lit (Isir 

^vv CXirriis JJiJ. i*uMir HtnUh, HM J. 39, 2M. 

^ ^ HiiutenuHleu Urr/iir. 54, aiM lft»rliioitfiirr, ilml, l!ilh 71, ls:i. 

Ntekvw iUHl Hwellengrelirl, J, Jlyijirm, tilth II, l-St. 

^ FntukbiiHh Mknr^m'nuulHmH in H'lgrr (huiigiiiiiii.H, iHirh |s h»»fl, Mmj, Air., 

iHH.i, 3^» Him, 
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or sponoy iron \vc‘V(‘ atUic^d per Iitrc‘ of water, was able to effect the 
remoN'al of JVom 90 to 100 per cent, oi'the or^auisins ])reseiit in polluted 
^vaters. Sa,vaot‘ races luive lon<,^ used luiieilavinous sul)stauces, such as 
<juinc(‘ sec‘ds, tlu' acid juices ot plants, and astringent and tanniuoid 
preei])itants, sueh as Pcaaivian bark, ibr purilying water for drinking 
purposes in the above manner ; the sweetening of the waters of Marali 
i)y Mosc's (Kxodus x\’. 23) by casting a trec^ into them is ])robably an 
c‘xampl(‘ of this primitive nutliod of treating waters. 

It appears that tlu‘ ancient Kgyptians j)urihed their water by allowing 
it to j)ercolatt' throtigh c'arthenware X'essels eontaining alum. Colloidal 
aluminium hydroxi<ic‘ wo\ild tlms (‘ollect in the ])ores of tlie earthen¬ 
ware* and assist the* proe‘e'ss of liltration. 

In modern t,inu*s alum or aluminium sulphate has been added to 
wat(*rs to assisl: in tlu*ir pnrilie'ation. It re*ae‘ts with any dissolved 
e*ale‘ium (or magnc'sium) eairbonate converting it into e*alcium (or 
magne*sium) sulphate, aluminium hydroxide; be*ing simultaneously 
[>re‘eij)iiat e‘ei. Thus : 

(aCt), I Ah(S()J., I 311./) 2Al(()I^ 3CX).,. 

The pre'eipitale* gradually s(‘ttl(*s, taking down with it organisms and 
oilu'r snsjH'nded impurilh's. Thus, for e*xample, Let*ds ‘ found that 
an addition of 0-5 grain of alum pe‘r gallon - of a ce*rtain sample* of water 
re*du(‘e*d its bacterial e*onte‘nt rre)m SOOO to 80 j)e*r e*.c., that is, by 99 per 
e*e*nt . ''I'he* pi'e'cipitate* also acts as a d(‘e‘e)le)i*ise‘rand has been a[)plu;d 

in this e*apacity Ibr e*l(‘aring the* wale*!* at Antw(*rp. 

The* forc'going. howe‘Vt‘r, art* not j)ur(‘ly m(*e*hani(*al e‘ff(‘ets. Organic 
maltt'rs, particularly e*oloure‘d constituents e>f u})land and peaty waters, 
are usually eolloiel in eharaete*!*'^ anel e‘xhibit e‘lt‘ctro|)h(>re‘sis, migrating 
to the anode* or e‘atheKh‘ ace*e)rding as tht*y are* ne*ga,tive*ly or [)Ositive*ly 
charged. In most ease‘s their ediarge* is ne*gative‘, se) that thc*se arc 
prt‘e*ipitable by positive* ions and positive* colloiels. Inasmuch as the; 
prt‘e*ipitating j)owt‘r e>f an ion is a, funclie)n of its charge* or valc‘nc;y, 
aluminium with a vale*ney e>f thre*t* has a very much gre*a.te‘r })re‘cipitnting 
efft*ct than sexlium, e>f valc'ncy (‘tpial le) unity. This serves to (‘xplain 
the* partie‘ular effecti\'e*ne*ss of salts of ahnninium and Ibrric iron whiedi 
has long bt‘en obst*rve*el. It must be* re*me*ml)e‘rt*d, howt‘ve'r, that wliilst 
a pe)silive* ie)n te*nds te) pre*cipitat.e‘ a. nc*galive e;e)lloid, a negative ion 
te'uds to stabilise the* same*. Ile'uea* the* total e‘ffe‘ct of, for e.*xample, an 
aluminium sulphate* sohition is the* elifference; be‘twe;(*n the opposing 
a(*tions of the* aluminium and sulphate; ions. By reelucing the numbcjr 
of the latle*r, therefore, the* j)re(*ipitating effe‘ct is enhanced. This 
explains the greade*!* e‘fricic‘n<;y of basic alums, which arc now ust;d in 
the* Brooklyn (U.S.A.) lilters, and in which the avcTage delk;iency of 
SO.j is some* 8 pe*!* e*t‘nl. of t hat r(*c|uire*d to form a iu‘utral salt.^' Electricml 
methods for tlu* reme)val of cedour, ba,se*d on c'leetrophoresis, have been 
re*e;omnu‘nde‘d and are* of e*onsiderable scie*ntilic intere*st to the colloid 
clu‘mist, 

‘ l 4 *e*rlM, Hri' tU«lt‘!iK H aicr ((h'ltnhy Loc.kwcMMi, U)t4), p. 80. 

" O'hal in <m(t puH of leluiii in 140,(HH) parts of wateu*. 

S('«* Ke*maa, TntN^i. Water Utaj.^ 1012 , pp. 218, 253, 200 . 

’ See Bill/, and Krohnke*, Hvr.y 1004, 35 , 1745. 

^ aualyHca hy Hate*, J. IniL Eng. (Jhem.t 1914, 6 , 032. 

« J. Eoc, Chan. Ind., 1921, 40 , 159 T. 



-’.•II 




One ilis,-«lvim!a!,'. ot lli. iis.- ..I ilim, i. )!. 

!......i!/,'.Ip 

|,„r,T 1 „J .I,l™ 

... "i.i.'i. i,,„ i„.„ 'll';' '■> 

tho watcf wiicr, hy a jtt.rtiMH tl,, lu, t irVi!'” I '‘“in.', ,1 n,|(, 

iVmm.s Imlri.arii (•arl.Miiul.-, I'VH aio. i., ''"lnt.lf 


l-'<- L’H.O •.>(!>, FrHatu., 


■•11. 


I hi* nascHut Iiyilruaru mhifrs -urv ..... * * 

Atmohplirrii* runvnis thr t ty i* * iT ^^ 

hydroxhh. a rraHion tiS im-ir 

un.i M-tti.-s. ,h. LinUl^ unniu ,^1'"!'' '* 

nnalogaus luaiuu-r tu that ih-smlN-d h. \ V 

Ti»' i. ,.„u„.,. ..I.,,:;;;: 

Aint‘ru*aii ttnvits havr ’iilds'*! tr *» i 1 » rra^iai M*mr 

■iiiiK is 1.-SS ' : .. 

l)i<‘nHninii(f; in juitiitioa ft, tins nl /" ‘‘"iiaililv as i, ntius 

wntnr. ' " ... .a .. ... . th,. 

"■ ......si... 

intlividunl. .Sticl, watt rs. whn-li ' i V*' i "/ 't" nii;c 

llic Nfthcrlatuls,* in Ana i'ira ^ain'l,*! 'ul ' ' a m t,. iniaity and 

to tlif jirowtli (if miiiuii- la'a nnsiii i r " ’ t.i'tinralilc 

tl«<' vitality <.f whiHi a,n,‘ tin r„„, 
within tin* tissue nf its eell wjdls 'Tl'? ' " ”'* * ' i" "f iron 

wadainiii}'(K't iiarts of iiuii o,, It dom i .h. s m waters 

aH.kin,. of wai:.;'?.::!,‘'‘--s 

(olk.idul suhstannes have l.een adooteit '“'J* l«"<. "r with 

'■‘•<li»-<‘d the iron <onte.,f\,f‘ifJvJ|?;V??;? k'’,'"'*'"'''* *■' ‘'‘t'-ana. has 

to luL* Iron may also l.e I'omiih l. !v r uA 'l"»" " 

... 

' '"wiira'.io'i;''"'';;,',"' ....... 

“yZJ"rt.:!:::;ru 7 ' '"r —..... 

‘V <‘‘>»>v.st.i<- inirposes. <V„ , . A »" '• -’'-nl. a as\ale 

through hods ofsaml laid ii, lav ■t *''?*■* 

fo|) downwards, 'rhc i.roeess wi.s o,-?’ ‘"'''■'’“'“‘St •"m'- ia ss from the 

»«10 in Seotland and' " ^shi ... -l-’Ht the vear 

t'lH.Isea.W'iih the cd.;.;.t « y-- r adopted at 

an unknown seiince. If was not ,7,1 1'*'> »n'th. n 

at.eally applied haeteriologienl vi I .^ sl T’' 

«ai,r t.sis to the Fondoo „..t., supph 


. fl;*, ;*i | 


' «ehvv,.rfl (.Pan tmonu. , ,, 

.ietailist m-.-.Hiats i,f these (tail (|,.. „iei’|, i ”' •* A 

:S£.;;r;£X . 

liind, /rw, Mr., iHKX jg, ,*||||)^ ^ , 1#^ |.,.; 


WATER. 


235 


and found that, inon* t han l)i) |H‘r c*(.‘nt. of tJu‘ inicro-orf^anisins pn^scait 
in Thanu'S wattM* at Jlain])t()n wcav ivnuivt'd by passage throu^ii the 
sand liltt‘rs. This has sinec‘ been (‘onhnned times without ninnber, and 
ilu‘ Ncp(frf of the London Metnrpolifan If^iter Board for IDlti is of intca-est 
in this eonneetion : 



No. of Mirro-organisinH pen* of Water iakcni from 


Thanuss. 

Leu*. 

Now Kiivor. 

Baw' wale'r 

5250 

02(>8 

2172 

Kilte're'd wate'i* . 

i 

10 

i 

81 

U 


A Yovy striking inslanei' of llu‘ vahu‘ of sand littration was afrordt‘d 
by tlu‘ outbnadv of eholera in Ilaunburt*;' in 181)2. The; eit.y drew its 
wal(‘r from llu’ Klla* and used it in ils raw eonditio!i for donu‘stie pur¬ 
pose's. No b'Wer than 1250 pt'r 100d>0() of tlu' [)oprdation perished 
throui^di <‘iu)h'ra. TIu' (‘ontij^uous town of Altona lost l)Ut 221 per 
100,000, d('S}htt* tlu' fact that it drew its donu'stie water from tiu' Kibe 
below Uamburo, after it had res'eived the sewaj^i' pollution from the latter 
eity. This n'lative immunity was due to tlu' fact that tlu' Altona 
authorities purilit'd their wal(‘r by passage' through sniul litters. 

Sand bltration is largt'ly (‘mployt'd in this country, sand being hud 
to varying depths upon gravt'l which increase's in coarseness with the 
de'pth, which range's fre^m <> te) 8 fee't in tola. The watc'i* is drainc'd a.way 
threnigh pi]H‘s at t he l)ase'. 

Alt henigh it, was Idrnu'riy l)t‘lit‘Ve*d that a liltt'r bt'd was most c'dicient 
when fre'shly laid, it is neuv known that su(‘h is ne>t the case'. The bc'st 
re'sults are* e)btaim*d when the lilte'r has been in ope'ration sullicient time 
to allow a him e)r dirt. ce)Vcr ’’ to form on the surfa<'c of the^ bed, which 
is the* chie'f h*vcl at whiedi puriheation proc'e'cds. The waiter ])assing 
threnigh the* biter sboulel not be* used for elemu'stic purpeisc'S until afte'r 
the* lapse* of the lu'e'e'ssarv ''hlming lime*.” The him obtaiiu'd from 
natural waters is e'ssentially organic and of a semi-colloidal nature. 
By adding an inorganic* cmlloid, sue'h as alumina, a him may be arti- 
lieially forme*d on tlu* sand surface* in a short st)ace of time^, thus saving 
delay*in the* use* of the lilte*r. VVhe'u once sueli a lilm, wliether natural 
or artitie'ial, lias be'en sat isfaetorily formed, micro-organisms will only 
j)ass through in small numbers. As time ])rogre'sse‘s the him bc'conu's 
increasingly thieker, until ultimate*ly the* rate of hltration becomes too 
slow te^ be* e'cemonheadlv e’lhcicni, and tlie bed must be el(*aned. 

In (ire*at Britain the sand lilters gean'rally de*al with from 2 to 3 
million gallons of water per a<*re‘ per day, that is, with a downward travc'I 
of about U) to 12 e*m. (!• to 5 inedu's) pe'i* hour. The* hc*ad of water 
ranges from bU to 100 e*m. (2 to IV'et).^ 

' Miiny Uavum, pitrtit*u!ji,rly ia Aia«a'U'U, iu»w uh(' “ mee^hauieial lilte'rn ” l)y nicaiiH »)f 
vvhic'h water emu Ik* filOred mnn» rnciUly ihan ia unlinary opeai Hanti tilte*i*H. for an 

lu'ctnmt thr«\ aiul UhiHlnilin, apun dt. 
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TIIK ilAHDNKSS OF \VAl‘HiL 

Waters that titj uul reatiily tuna a lather uifh sn.j|i ai'» liiin.-tl 
SiH‘h haniiirss may hv rausisi l»y lla.' |m% m nassiilr 

salts (if the alkali iiit fals, as, Im* example, m fla- of %ra uatti* 

aiul laims Man' usua!l\, lioUr\>r. tfa- !< tm r»’ver\<ti inr siieh hanl- 
IU\ss ns is due t i» the pri'Siiier m!' \ ri'v laarh smaller 4.ji|anl it a s uT salts uf 
ma| 4 !u-situu or raleium. 

dlu' luajurit)’ *»■!' \ eaetahle and ammal tnls and tats* ei^Hsisi 
essentially tif an urtfame salt, eiiutpnsunf •dye. I'inr, i’I |_j ur 
.(dlAMh, as iiasr, eundniird mill an M'rsama* arid stadi 
as stt‘arit‘ neid* . i'TH HI, nhae atad, i | J'! ^ . t t It HI, ur palinitie 

ueid, l‘lnis. *dv«'rryl sliara-tr- m* stra.i'im the essiiitial 

ennstitueut nfmiiHuu fat,, is r». pr». sridrd U\ the letimtda 

.UHhd Jl, 
nr 

It, 

t A UU .4 II 
i'jdt,,.CIHI.i II . 

Olive nil is lancet) td> nrry 1 nfrat e. and palm « mI, e^ i \ I paliiiil.ilr. 
Wlien waniU'ti with solutinns tif eamJie alkahrs. Ila sr |a| > ar« dream* 
jiosed, yii'ldine .sttaps, heuee the term Anpem'/haife^n. 11ms, fur 
(‘XumpUx with sndinm hydri»viilr, »dyi'rry! slraasdr mrlds Irei ‘dye’iriiir 
and sndinm sti'nrnte, v\!neh taHi-r i% a. suilnna sua|*. llni*. 

(< nH;j|,.COO)^d ■: aXaOII i^dld'in'h, ‘tt .|,'tl. i'OOXa 

Ctlyreryl sirarijtlr, S'>.jlnnfi *ai-4i.a«- 

.a 

I'he .sodium snap is sniuhle m wafer mal small ipiaiildy 

sulliees in |mHliire a latlaa' li tin' watrT js |mia , ff, h»a%« u i, if eunfains 
dissolved sidts nf ealilmii nr lllll• 4 nesHlnl th*- latlar isdrsfiuvid h\ fhrse, 
yielding the familiar insnhdile emrd, su i-haraeU red a- m|' lh» .nlmn nf 
hard wnii*r <m strap. 11ns enrd is reaih’ I hr iohmImIiI:' %Hap ».!' flit- 
alkaline t*urth metal Inrint'd hy* duuhle ti« t‘iMiipiir.i,ifluvi ,is sliinvn in the 
twtO‘ol!nwing etjuatirmsmn whieh it is as-aimril thr lianim-e* n* dit* In- 
the presentT nl ealeinin eurlamate ami inagiirsinin sulphate rr’*pi-ett\ily . 

Ca(IIC 0 d 2 1 ’iXalHlI, |t jlt,,. I a ; 

and 

MgSOj 1 Xa.SO. - li yd. I Oilj 

Not. nniil the* while of the alkaline earth im-Pd lee. *' Iruii ” as 

insoluble enrtl is the stidinin snap lire In yn lil a lafini". 4''iiiis^ i|iirsiily 
ilie higlua’ tlie fieretiitage nf txilennii ur lua-ui^ siiim. I|i» htrir-r tip* 
auumnt of snap retfuirtai and the- greater tla- leirdm--r« ul lie- walrix 
1 hi* ainouni til snap retpiireti t*i ptawluee a lulhei- i*, fine, a uir.tsur*,- nf 
the hartlness ni the water aiith as mdiiMl^il I.h iua, i> ie-,» <1 m i|tiiiiiii" 
tatively tleiermining the saints 

1 \vn kimls hardiu.*ss are nriiinitrily rt'engniseth ii.imrly Irwfiurnri^ 
and pennanifNi, 


^ A pH m a ftiiliil nil. 
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Temporary hardness is t.liai caustsl hy tlu‘ pr(\sci\(‘(‘ of the hi- 
enrbonat(\s of (‘al(‘inni or lua^aesiinn. Whilst ih(‘ nonnnl earl)onates 
of th(‘S(‘ mt‘tals, nanu'ly, (aCO.j and MjjfC’O.j rt'speeti\'t‘ly, are pra(*tically 
insolubh* in pure water, (hey rea<lily dissolve in llu* presenec^ ol‘earbon 
dioxide a nornial eoustitueut ol* natural wati'rs, owiny to I h(‘ prest'ucc 
of this eas in tlu‘ atniosplua't* the soluble* acid- or bi-earbonates, 
Calb)j! ^^^»nini!: produee'd. Tlu‘ ni(*r(‘ proec^ss of 

l)oilini( [('Uiporarily hard water su{lie(‘s to sotlen itd For the* (‘xpulsion 
oF the* dissoh'ed leases effects the* deeeanposition oF the* biearbonal{*s 
with eonsetpU'id preeipitat ion of t he insoluble* normal (*arbonates. 

Permanent hardness is t'ausesl by soluble* salts oF eaUaum and 
iuai»’n(‘sium other than the biearbonat(‘s. d'lu* more* <'ounuon oF these* 
are the* sulphate's, ehlorid<*s, and nitrate's, particularly the* lirst nauu'd. 
Su<‘h waters cannot be* soFtc'iied l)y nu're'ly boilin^^ 

The* total hardness oF a .i^iven sample* oF wate*r may be* due* in part 
to the* prt*s(*iH‘e e>r bicarbonate' and in part to the* pres{*n(‘t‘ oF other 
soluble* salts. Wlu'u beale'd, the* ne>rmal earlsonale* is pre‘eipitatt*d and, 
on a(‘eount evF the dt*c‘r<*ase in sohd)ili(y oF ealcitnn sulphate* with rise* in 
t(*mp(‘raturt‘ abenc MS there* is always a ti‘nd<*n<‘y lor this sul)sl:ane<' 
to se'parate* t<> soint* e’xtent with the* carhonate*. This c'anses the* eh'posit 
to Form a eohe're‘nt. lilm em the* eM»nlainin<x V(‘ssel, wh('r(*as the* pare 
earlxHiate' yuve’s a more* or le*ss poweh'ry suspe*nsion. ddu* l)oilt*d wate‘r 
is now se)Fte*r than luFore*, such hardn<‘ss as it now posse‘sst*s is t(‘rnu‘d 
pe'rmauent, whilst its (e*mporarv hardness is the* diffe‘re‘n(*(* b(‘t.wt‘(*n 
the* total and pe-naain'id haniness, nam<*ly, tiud lost by b<)ilin^^ 

Dejiree of Hardness, To render ('eauparise)n easy it is tisual to 
re'cord the* hardness in terms oF tin* (*al<*inm oxide*, (‘aO, or calcium 
earbouate*, C’at’O.j, that weadtl prealues* the same* amount of liardnt*ss iF 
added to pure* wate r. 

In British water reports, aeeordin*^ to a eh*(*iKi<m c»Ftlu* lxK*al (foverii" 
nu'id Board, the' iiumbe'r oF |>frHins of (’a(‘<)^ reepiired pt*r ^ndlon (70,000 
grains) oF peirc wat t*r te» render it as hard as a ^uv t*n sample*, e(>nsl itutt*s the* 
de‘<L(re'e of hardne*ss <»r the* eh*m’e’e* (‘lark oF the* sample*, 'rhus a w^ateT oF 
5 de*^ret‘s oF harebu’ss weadd l»e* obtaiiu'el l^y disso!vin|p 5 i^rains oF CaX-O.j 
pe*r ^^allon <»F elisfilled water. A<’<‘e)rdiu^ to the* met He* syst(*rti, it is 
usual to expre'ss the* har<lne*ss in terms of CaCXXj pe'j* 100,000 oF wntt'r. 
d'his tigure* is readily e»btained Frean the* eh’^^re'e* (’lark by di\'idin^ the* 
latter by 0-7. Thus 

I dvfxrcr dark l- ta parts ed’(’a(’();j pe'f 100,000. 

In (Germany it is eiisttanary to e*xpre‘ss (he hardness iei fe'rms e>f 10 m<^^ 
of (’a() per lit ri\ I leitet* 

I deyo’ce* (ierman 1*70 parts (’a(’Ojj per 100,000. 

Determination of Hardness. Harelness, whc*tJ,u‘r tempe)rary or 
pe*rmanent, is eonve nie-ntly estimntcel by mt'ans ed’ dark's se)a|) tt*si, 
whi(‘h t'onsists in adelin^ Freaii a htireile* small ejuantitie's of standard 
soap solutieai (r/e/r infnt} tei r»0 e*.e‘. cif wate'r which have* be(*n (‘urefully 
measttred end with a pipe tte iide* a 2a0'e.e. bottle*. AFtc/r eae‘h addition 
of soap sedutieai the* lad tie is vi*rore>usly shakt'U, and t.lu* titration is 
eompIe*(e* wlien tin* lather remains imlmdve'n For live* minutes after laying 
the bed-tle on its sitle at n*st. 

* Ftir it jiiiidj td of flu* mieliuiiH iavulvt'd, s<*ei Puiit, MtyfL *SV.u'., H)14, 4 , 537, 





IMS 

Sliutlkl till’ uat«-r In- hanl that ^ upHariK t*l \nliititni 

rrcuiirt’ti, a siiiallrr xulutiu than v.v. sh**iihi hr ■;i!itl tiiliilfh 

t!iis aiaoiinl uitli I'n-Nhlv Inalrti liiHlitlril uahr. HrIrrmri- fu thr lahtr 
illcIiaataN thr afiiMliiit ut’ hataiitr'^s rMiTt fu r.H’li titiMlifiu. I'hi* 

total iiartlia'Ns k i^u rii l») t ho* iiirtiaMl. ft a strouil \,ifii|j}i i,|‘ 
hr hoili'cl aud aflt-r srttlur* i»r tiltriau** !itraf*il lu a Muular maiairr, 
thr harriin'ss i\ot»taiiirii. Sular.irtari fir t» iit|»or;trv 

hanlurss. 


DEGREES OF HARDNESS iGLARKi GGRRKSIH'INDINC; 
TO AMOTNTS OF SOAR SOLi’dlON FSED. 
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(ltirk\s Siitntltfiti SiHip StiiiiiiHii, 

Tliis can hr prrpnrrd in M-\rral tlHh-rriif 'luiy^. t'oimiioiily dry 
(’iistilr soap is dissiilvrd in HO prr rnO. nlroliol in \iirli jirti|ioi1 aiii-s ii\ 
\villyi(‘kl a solutiiai wrll iihovr thr ilrnii-rd fiiinl ronriiil ratiiiii ; IfiOrraiiis 
per litre* is a ronvrnirnt ratio, Aftri* alknviii*» tfa-^ ^^ohilimi to \taiid at 
r<*st‘ (or srvrnd days for tJu' ttrpiisitioo of tiiidi’^M*hrd a t|itaiility 

of the ck*ar !k|ttid is withdrawn (nsuiilty To too r.t% prrlitrr uf liital 
solution), and so ililutrd wit h HO prr c*rnt. alroltol as to pru«iiirr a soliit imi 
\vhic*h on tit-ration witli a known wrinht of rahanin rtiluriitr soliitioii 
nndrr tlu* standard ronditions will givr results m ataairdaiiri* with 
(1ark\ fable*, Thr <*n!ciuni rhioridr solntion is hrst jirf"|iiirfsi hy 
dissolving 0*2 grains of Irrlani! spar m dilutr liydrorlitorie arid ; r\rrss 
of arid is r(*rnovrtl fiy «‘Vnporatton on a w’ntw hath nini tiir snliifioii tlirn 
dilutesi to 1 litre* with distilh*d %Viitrr. A iiiiStnrr rd 2.1 r.r. of this 
solntion, mixed with 2o r.r, td water, sluaild rrt,|iitrr' ims of ClnrkN 
st-andarel solution for the* prodnrtion of it prriiiaiiritt latii«*r. 

The sHindard solution of soap ran id-so tHiiivrniriitly hr prrpitrrd by 
nrutralisinjy; m\ ak*ohed sedut-ion of oirir arid with it soliilioit of poliissitiiit 
hydroxide in the same* seilvent ; thr nridriil soliilion of poliissiiiin olnilr 
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is tiu‘n suitnhly (lilul (‘(l. A solut ion of ])ot.nssiuni soap for (Uliition can 
also l>t‘ obtaiiu'd by tlu‘ iut(‘raclion of k'ad plastca* ("Mead soap”) and 
])otassinni carbonate. 

Althon.uii I h(‘ soap nu't hod is still widely a])pli(‘d to t he determination 
of liardnc'ss, it is interior in aeenraey and ,i»’(.‘m‘ral trustworthiness^ to 
mor(‘ rtauad. nu'lhods, which also [)ossess tlu‘ additional advanta<>*e of 
allowing-a dire<‘t del(‘rminat ion of th(‘ t(‘niporary hardness. lii this ease, 
howe\’t‘r, (he conception of l<‘mporary hardn<‘ss is narrow(‘d so as to 
include nua'ely the bi(‘arbonatt‘s, tlu‘ whol(‘ of llu‘ (*al(‘inin snlphatcj 
bein.u' inelud(‘<l in th(‘ permantMit hardness. In the simplest of theses 
mtdiiods a m(‘asnrcd volnnu' of th(‘ wat<‘r is car(‘fnlly titratcnl with 
(h'cinormal hydrocblorie-aeid solution, nsin^^ methyl orantjfe ^ as 
in(li(‘atdr ; alizarin is a still lK‘ttcr indicator for I h<‘ purpose, but titration 
must th(‘n b(‘ in boilin<^^ solution, ddu' titration (hpcaids on tlu' decom- 
})osition of tiu* bi(‘arbonat(‘ of calcium and ma^iu'sium with formation 
of (‘arbon dioxid(‘ and the correspondinjjj ehloricl(‘S. 

l\‘rmanent. hardiu'ss can also lx* (‘stimal(‘d by tlu‘ alkalimetrie 
m(‘lhod of Wartha and Pfeifer. A nu'astired voluuu' (200 of the 
\val(‘r is boih'd with 50 (‘.e. of a mixl\u*e of dt'cinormal solutions of sodium 
earbonat(‘ and hydroxide* in eepial amounts; af((‘r re^storin^ to the 
ori^j^inal volume* anel alle)win’j^ the* se>lutiem (e> se'tlle*, the* re‘sielual alkali 
is (le‘te*rmim*el by tilratie)n with stanelarel ae‘id. As the* bicarbonates 
de) ne)(. e*ause* any e*e)nsumpt iem ed* alkali, t he're* is a elire'(‘t pre)portionality 
be*twe‘e*n the* epiantity <>f alkali whie*h elisappe*ars anel the* teital aniount 
of sulphate's anel e‘hle>riele*s ed* e‘ale*itun ami ma‘ 0 U‘sium. Se)eiium (*arbonate 
ale)ne* ele)e*s ne)l e*iru*ie*ntly pre*e*ipitale‘ maj 4 :n(*sium salts from solutieUp 
but pr(‘(‘ipitatie»n as (la* hyeire)xiele‘ is e‘omple*te* ii‘ exce'ss of soelium 
hyelre)xiele‘ is pre*se*nt ; it is for this rease)n that a mixture of sodium 
earbeinate* anel hyelre^xiele* is appliesl ‘‘ (sen* alse> p. 21-1 ). 

The* last me*the>ei can alse» be* exle'uehid te) the* me‘asure*tncnt of total 
harehu'ss by lirst ne*ul ralisin^ t he* bie’ai'be)nat (‘S as ele*scrib(*d above 
for the* ele'teTininatiem e»f tein{>orary hardne*ss, anel sid)se‘ejU(*ntly treating 
with the* niixe'd alkali seduliem, 

Ane)the*r satisfactory proe*e*ss lor the* de’t.e*rminat.ie)n of total hardiu‘ss, 
l)ase*el on a semu’whal similar priuenple*, is elue* to Hla(‘ht‘r.'^ The* wate‘r is 
lirst titrale'd with de*{‘itie)nnal hyelre)e‘hle>rie aciel until it. is lU'Utral to 
tne'thyl oraujire*, as in t he met heal <ie‘scribe<i abe)ve* for te*mpe)rary harehu*ss, 
Afte'r the* re*me>val ed’ the <‘arbou dierxiele* by a (‘urre'ut of air, the* methyl 
oran^a* is ble*actie‘el by the* aeldition of a dreo) of bromine* wate*r ; a, little* 
plu'uolpht hale-in anel a lew dre>ps <d‘al<*e)he)lie* j>e>tassium hyelre)xide‘ are* 
adde*d, the* lieputl is just elee*edonse*el with de*cinor!!ial hydrochle)rie* acid 
anel is tlu*n titrated with an alce>holi<‘ <le'e*i!je>rmal se)lutie)n of pedassium 
palmitntc until a eleciele-el re*d cedeatr is f)rodu(*e*eL The* epiantity of the 
p<d;assium palmitate* sedutiem tvepiircd is proportional to the total 
hardn(‘ss. 

* For feirttufr h«h‘ MuMtrrH aatl iSiuiUi, TfuiHs. (>hvuh AW., 1913, 103 , 992; 

Wiidih-r. afuil, HHU, • Biu-hiit'r, ('hviH. ZivilmKj^ 1892, l6, 1854 ; 

Te*(‘{l,./. Sue. i'hrm. !mL. 1HH‘J, 8, 259; dn<*kH«m, ('hvm. Svwh, 1884, 49 , 149; Magtianini, 
(knzHUu 190B, 36 . 1 . 399 He-hae-r, Analyd, 1883, 8 , 77. 

Ufe-ife^r, yMilnrh, amjiw. f'/a-w., 1902, X 5 . 193; Procter, ./. Aer. (Jhem, Jnd., 1904, 

23 , 8 . 

niarher nm\ dm*»d»y, Chnn. "A* it., 1908, 32 , 997 ; Blache-r, Kra-he^r, anel Jacoby, ZeiL 
angtw. (*hvm., 1909, 22 , 907 ; Blachcr, (Irunhe'r^j;, and Kinna, (Jhftn, Zfit., 191.1, 37» 1 

Winkb*r, ZcitMii, anttl, t'hrm., 1914, 53* 199. 



A \vatn\ 111!* .UJ*! r.-ilnnin mI' wliH'li rnlijil h|. 

rt'prcsriiti'il liy an ah-nt «»!' ;i|*|*rM\!!iiaf» i\ 7 |s.irf H ftir |rss| f)f 

c’arlHaiatr- \H r H'lOj'HHi. uuiilii imIU hr I'oiiMiif i-rtl stiffs 

wliilsl it Wullltl i-H- lirsta'ihril \rr\ ll Htr i \r rill'll 15 

paHs \\vr HHijaiiK 

TIIK StH‘TI%NI\C* <H‘' ilAlIH U \l*KftS. 

As has alrraily hriii un-utiiajril. urJrr-v Ih.it .irr 
temporary luirclneH.H iiiay hr hv liMfliiia. Hik |iri«s'ss is. 

la>Wr\rt\ Vary rxprosur atitl iiupraatiaahh' ,i |,ir!*r srafr. \ 

('ouvriiifiit lut'fhiHi is that tllurk* patrutril m |.s|t, afrortinn* tt» 

whit»h tha axrrsN of l•llrh^ai ih pmapitatnl l»\ ailtlifiiiii »»f flu. 

rt‘t|uisita quantity of sinki-il htui-. lla- sMliihh-- alkaliur raa'lli hi-' 
<airluainti’s an* tliaraby rtiavt-rti-tl lutci thi-tr uistiliihh- iiMriiia! rarhuiiati*s 
luui Kc*parata out, rrarluuis iiia\ hr rrprr’snitrit ns 

follows : 

VnU4Vii,U : ViniHl i. trt ai'ib -tl,u 

^ i uitMl I, laCIA ^:Up. 

In mitluT easi* is prrtapitatn»u prrh'tU!^^ rouiphl*-, ha.' ''.Hlnhihlv is a 
n*lntiv«‘ ttaan, aud althiiiiid* tta- uorinal aaiiaroaf*•%» iin r»’hilivi'Iv no 
soluhlr \vhtaM’taupan'i.| uith thnr bnairhooittrs, thrv ao not nifsHhiirlii 
insoluhlts^ Ainait 1 ‘q*ain of rahatuo aarliountr prr |.*i'!illtiu of Hatca* 
nauaius in stiiutioii in thafi»nurr rrartion, uhi!%t m tin latirr rasr' sontr 
2H i^rains of nta^nositim tsirhonatr unt) n iinuii hihiuit, altlaiuqh this 
tuny ht‘ roiisiclorahly rrtlurni 1»\ atlflilion at $'\vr\% of linn- wlurh |irr» 
eipitiitt^snuqrtinsiuin Indn^xidr, wfiirhislrss.solulilr thnii rit hrr i’arhonat«\ 
Water tnaited in this manner retains, theia-for*, about dri*ri'rs of 
hanhu‘ss due to dissol\'ed eah’iuin oarbitojit r, and roof am several 

de||re(‘s oi hardness tine to dis.st»l\ed maiiursium isirboniitr, in atlddion 
tunny inaanamad liitreiuess ttmt was oi^nmdlv |ireseiif. Altlioiqili the 
trentuieut, in the laise of watrrs |jossrs-anq uei jiriiiiaiienf liardiiess, 
dot‘s not entin‘ly remove tbeir bardm-ss, it iqs-atly iiii|iri»vi-s Ifiiain 
^urtfirrmons duriu*^ seeliuHiifiition the ealeitim earl.toiiate e^irries down 
wit'll it any oxidt's ol ht*iivy met ids, sueh as iron and inniimuiesia anrt 
also eonsidernbh* i|Uimtilies of or|,mme loiiteriid and !n iim'or.|imisitis. 
This partiid sif*ri!isHtioii of thi* water is a \rt\ valuabh- side iV-aliirr 
of tile proetssH (see |n 2112), 

^ Permaneit hardn.e8ii is rrfa|uently mtirh inore diirietili ii* 
Distillation will effeet. its removitl eom|'*!*"tely, but riidv' tn r\ee|itioiiid 
eases ean such drastie treatment be iqiplitab us, lor i'\am|i|r, m pi'r|iitriii|| 
clrinkini^ water haan sea wider on slt'iiinrrs diirinn lonn iiH'ai»es, and 
in tiu* preparation of pure water from taji wairT for siireiul sriniliiie 
purposes lor wliieli waier of it lit|dt uriidr of juirity is rr’qiiirrd, In 
softening water lor doiiu*slii* purposes it is usual to rrinoie the true 
porary hnnhiess only* siins* muhH nitiouids of sulpha!e's of eideiiiiti mid 
luagiH'sium have* not usually an iidv4‘rs«’ inlfueiier mi I lie I 4 eiirral lirfdth 
of^ the publics But for many nmnuiaetitres, parfiiiiliirly for sleiitn 
raising purposes, if. is desirable to retiiovr flo'' periiniiietil liardin-ss also, 

* IJie HoIuIiilHieM are m C«W|*resM**i m ^mtU |ji^r #4 miiirr-, ?iliftriire *»f 

earlKiri ciiesaie Miik |»remitmHl; t’linq, 141 4il lir IV; nil at |S' fV 

onmt* rjirlwiiinte, !17 at I 2 '' i\ ' ■ ^ 
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'i'his may <l<au' hy tiu* addition oi‘(*aus(i(* soda or sodium (‘arhoiiatc. 
Tlu^ la,I tor roa.ut'nl (‘onviais I ho dissolvod calcium and ma^'n(\si\im salts 
into rclali\'cly insoluhk* <’arhonal(‘s and thus clTccls tlu‘ir removal hy 
precipitatio!!. Thus : 

C’aSOi i Xa.('().j ( aCO.j | Na.>S()i 

M^SOj i XalC’Olj yh^Vii, i Xa^SOj. 

Caustic soda will (*onvcrl the ma^iu'siuni salts into th(‘ still I(‘ss soluhlc 
hy(lroxi(U‘ and thus soften tlu* water mon* (‘rfcctivc‘lyJ If s\itUcii‘nt 
fr(‘(‘ carlxHi dioxide is pn^stad, dissohaal in llu* wat(‘r, causti(‘ soda, 
ora. mixture' of sodium (*arl)onnt<‘ and i\iilk of linu‘, may with advantage' 
be add(‘d instead of sodium t‘arhonat(‘, as it is transfornu'd into this 
lattt'r salt by the' carhoi^ dioxide, and tlu'ii naicts ac(‘ordin<^ to ih(‘ 
abovt' (‘<|uations. 'riiis "Mixes " the dissoh’ed (‘arhon dioxide' and 
pre'Vc'uts it frtun converting into hicarhonati's the* normal carhonate'S 
pre‘(‘ipitate‘d when sodium (‘arhonate* is tirst us(*d, and tlu*reby couve'rliutr 
a pe'rmane'utly hare! water into one possessin^^ temporary liardness. 

In tiu' Staidiopt' or (haillet ajul Iluet proe’ess, linu' water ar\d sodium 
carbonate' are* e'tnployed as softt'iiin^ aj^'ents. 'V\w fornu'r is jnx'pare'd 
as a saturated solut ion by passaj^ned'a certain proport ion of I he incoming 
hard watt'r tliroui^h milk of lime in a saturator, 'riu* wate'r e'ute'rs at 
the' bottom and as the* sattiratcd sohdion rise's, the* snspeneh'd solid 
])articl(‘S ^raduallv sink and the* e-lcar liepud is dischar|Xe‘<l at the* top. 
It now mix<‘s with hard wate-r to whicli soda has bt*en addt'eh and the' 
re'sultant mixture* passt's slowly up a clarifyini^ towe'r, down which 
the* j)re*cipitute'd solids ^^radually sedtle*, and is freed from tlu* last trae'cs 
of suspt'ude'd matte-r b\' tiltratieai throui^h wooebwool liltt'rs,“ This 
me(‘hanical removal of the* ,uradually se’parate’d e‘alciuin and majjfiu'sium 
(‘ompounds is esaumon to most pree'ijMtation nu'thexls of softe'uin^^ 

The* various e’omme rcinl liinv smlti pnurssc.s for sed’te*nin^ wate'r arc 
based on the* ibre*‘4;oinu prine’iph's, and diflVr (*sseidially only in their 
nu‘chani<‘al elc'tails, 'Fheir underlyin*^ pritu'iple is more* commonly 
ap})lied than anv <dhe*r fen* tlu* puriiication ol wat(*r lor boilcr-lct'd 
purpose's. 

As already e'Xplained, it is ele-sirable to pre'e'ipitale* the* (*alcium 
compounds in the* tbrm etf e‘arl*^>na(e and tin* mai^ncsium (‘oinpounds as 
hydroxide, (‘omnundy a mixture' eif elissolved sodium earbouate* uiul 
suspendesl slaked lime is introducs'd in the (*orn*ct proportion by an 
mdcmiatic* nn'asurin^^ eh'vie'e*. If the* hardness is reprt*s<*idt*d as the* 
(Sjuivalc'ut numbt'r ed' parts of e’alcimn {*nrboiude* per 100,000 parts ol 
water, a simple* e’ah'ulat ieai leaels to t be following tbrmnla tor the* nt*ei'ssary 
amounts of sodium ('arimnate* ami lime in peanuls p(*r 100,0(H> ejfallons ol 
wate'r. 

Weii^dd eef sealium i’urbeamte* (Xa/'O.j) 10*0 l\ 

Wc'iirld. e»f lime iVnO) 5*0 (T \ M), 

when* P represents the* permanent hardne*ss, 

T represents the tcanporary harelness, 
and M rt'pre’seids harelness due to nnripiesium (*ompounds. 

For this purpose* tin* df’tenniuatiou of tin* magnesium hardness 
is easily effce'ti'd by tre'iding a nn‘asun*d volume* of tln‘ (‘arc'tidly 

* The* wsn’titinfi urv irtiiiiiiiliriitetl. Se**’ BitrUitt nitcl I4,nelgrea, */. Amvr. ('hern. Aer,, 1907, 
29 , 1299, ^ Kinij', ('hvm. AVe/w. 1919, 118 , 14. 

enr. vf! • t 10 
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lieutraliscHl wiitrT uitli a ilrtiuifs’ quautitv *4' Mitiiiiiii liyi!rti\idr or 
calriuiH h\'t!ru\ifi»' »♦} knouit i'Misrrofr.it i»«!k Alft-r ulliHviii|r a 

sntlirir'Ot prritwl Iht tio- pi* «*!jal .it o*ii m! t h» iHa-ai*'oiiin li\tiri»\iiir^ Ha* 
rosifiual f\t'« I > f fill- aijt r-. t-Juii. <!*•*!. ..hhI l.i* in'i- IIh auHiUiil 

of HiaLfltt'Minil wltirll hri H iiliiiOtil. . \all alt» 11 i.il ! \ r, I hr IUa||- 
Ui'.siuiii lianiiifH’^ oaii hr thii-rti^^ r%fiiiiafr*! fifrafotii .ifft r thr muoval 
ijft Iir riiloiuiii roiti|H*.uiir!% hy aihiit imh ul Hfiiiiii r»\al,it r t r» t hr In lit ralisoh 
watrrh 

Durityu roiitiiituaiH, riiiiiiiuv: ol a Inah r uatrr ‘.uftrimti# |ihiiit il js 
not nrrrssary to inakr |’rti|iir!itrr|Hat<-il lorariui nirnts of tlio 
ina| 4 iu'siiun jO'rsrnt, thr toil) inlMrioatiMO minirnl tor thr ronstnnt 
inijn.stliU’nt tif tlir aini»nnt aioi rrlalu*- |♦|■o|*orlnurv oi tlir softiiiing 
Hj^onls thr total IninlnrHs. thr trio|iiirar\ liardiirHs, aitil thr 

alkalinity of thr watrr louiinK ithrnolithllialrin/" llir \oftf’Hiiio |irorr,ss 
rrarhrs its nyixiinnni lilirnairy uhrn thr %%lit4r of fhr ralrinm has 
hi-rn cain\rrlrtt inlo rahanio rarhonati- aial tlir niaioirsnini into- 
Inain^Kirlr without any unnrrrsHar) r\rrol tin arrn!r». llir-\ohihi!ity 
■of ralritiin rnrhonatr. wlnrh is thr inr*rr '•ailnhlr- ol two |irodurts, 

thrrrfijrr rrprrsrnts thr a|i}iro\uiiatr hioit of rfliiariit soltmiiia. At 
this |H>int thr total !larllur^s w lulirriv ” lr-iii|Haiir\ " m rharn«*trr. 
Also, dissolvrd ralrinin rarhonatr. hkr '■atdiuio rarhouatr, ou tdrntion 
with luinta’nt ariil wdh jihriu4|ihtha!rin as rnilira,toi' luvrs a nrutnd 
rnntditiu ns soon as iHin\rr*4f>u into hiisirhonatr is t'oiiijdrtr, whilst- 
md'hyl iirnn^r inthiidr-s nrutralisatton oid% al'tvr di rofii|H-»sdioii of thr 
bicarhouutr, If, thrrrlorr, thr arnl usnl i-s of ri|Ui\alr-nt ronnidrutiou 
to ttu* S'OHps<4utirau tin- fotlownu* snnjdr vriatlonshiii vidl a|»j»ro\tinutrly 
h(4<l at itlral soft tinnn : 

1k 

wluTr M|, rt‘tirt*.srnlH thr %’''iitiunr of and rri|iiirrft to nrutrallsr tin* 
rarhonati* in tin* |irrsriirr of inrlhyl oiiiiiraa aial flpisiois- rr|»rrsrnts 
also tlu* trnijHirnry lianlnrss. 

T rrprrsriits thr total hardiii'ss, 

aiid F rt‘prrsrnts thr ninount of mad |r-i|iiirrd for nrulrahsaf ion nsiit|? 
}4uaioljdit!iidc4n. 

All thc’St* <|nantit1rs rrirr* of roitr.sr, to njiiid ii4iiiii*-\ tif tin* wiitrr 
uncirr rxaniiniitioin 

If T Is grrnirr than M„, thr w-ali'r still roidniiis sonir jM'fiiiitiii’fit 
hardnrss and a ^milrr |iro|tortion of sialnsni riirta»natr is itr*a!ri-i fo-r 
thr Hofirning ojmration. If F is Ir.ss thim thr wntfr still roiilaiiis 

hirarhonatt‘ anil a grraitT j»rii|itn1ion of nilriuin hydrosnlr is rr'untrrfk 
•It M(, in grratrr than 1\too iniitdi “ stiflriirr ** hits hrrii ajintird j iitid if 
M|j isjrss than !;!F, an r*icrrssiv-r t|uiiiility tif liinr li-its lirrri iistil, 

if tht* hurdnrss is rrprf’Htidnl as jtarfs of isdriiiiii |«'r ItltklMiit jiiiris 
of water, tin* tiniii without t-\rrss of soft ruing agriif, is rrjirrsrntt'd 
approxinnitdy l>y thr valurh 

T ‘i, anti I. 

In all .snrli pfrripitafioii iiirtiaais of snftriiiiio wntf-r thr* itrtiiitl 

I laifSM.tm, -Xdl. KrtOrIr |!l|H. 'll, Is ft 

- Risti*a|yirt, Zrii.^fh. lain, atn*. 
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separation of th(‘ insoluhU^ ” prodiu'hs tak(\s an appr(‘(‘ia])le time, and 
irtlu‘ waU'r is ns(‘d or t('stt‘d Ix^lon' prc'eipitation is eonvpl('t(\ misleading 
ri'suHs may t'asily hr ohtaiiU'dJ For satislaetoiy st‘[)aration a. pc^riod 
of thr(H‘ hours is advisahlr durin,^- whieii tlu‘ tn^atisl wa.tta' (‘inailates 
slowly through a lara'c* liltfriiiij: ehaml)(‘r or <‘hamhers ehaiyt'd wit.h piiu^ 
wood shavin,a’s or similar matt‘rial, 4'his works mon^ (‘nUatap.ly al’tca' 
it has Ix'eonu' eoalcd with ih(‘ pr(‘ci}>il.a(t‘d eompounds.- 

The Permutit Process. An inl(‘r(‘stini** pnxx'ss, IVano'ht with 
o'n^at possibilities, li<‘s in tlu* utilisation of (‘(‘rlain hydrat(‘d silieatc‘s 
of aluminium and th(‘ alkali nasals. Sueii s!d)st.ane(‘s art^ found in 
nature' and art' known to tiu' itiiiu'ralo^ifisl. as zroiifr.s a, <r('iu‘ri(‘ term 
which covt'rs a series of wt'll dt'tint'd iind iut(‘r-rt'latt'd salts. Tlu'y are 
st'coudary minerals, o(*eurrin«j[ in taivitit's and vt'ius of basic* i<jjne(ais 
roc'ks, and wht'ii lu'atc'd they swt'll up and appt'ar to boil, whcMU'c the 
luunt' zrolifr, from (irt't'k to boil, and At^os% stoiu*. A curiotis 

propi'rty of t he* '/c'olitt's is tin* rc'adiiic'ss wit h which tlu'V t'XC'hano-e their 
bast's without altt'rinix their aluminium and silic'on (‘ontc'uts. Tims, 
for ('xamplt', a stxlimn y;et>litt* rt'acts with a (‘alcium salt yit'ldin^^ 
a(*(*ordinij^ to tht* law of mass at'tion, a (H'rtain amount of (‘alc'ium '/eolite. 
For c'xamplt*, in t he* c'ast' of (*aU‘ium sulphate*, 

Stxlium /.('olilt' | ('aS(),j-. -A'alcium '/t'olitc* | NaoSOj. 

If, therc'forc', a hard \vatt*r containinjj^ a dissolvt'd cal<*imti or ma^jfnt'sitim 
salt is passed t hrou^di a layer of sexlium zt'olitt*, the* calcium is ahstracvtc'd 
and t he* c'orrespondin^ stxlium salt- passes into solution. In this way the 
watc'r is rt'adily st>ftt*nt'tL 

In U)(H) (ians sutx't't'dcd in produt'in^^ zi'olilt'S synthcticially and 
juimcd his pnxiuct /;c77//a//V, from laitin pmnufmr, to t'xelmn/^t'. The* 
scxlitmi salt nuiy bt* madt* by fusin^r totj^t'tlu'r sodium carbonate*, silica 
and alumina or kat>lin. The* prexiuct is tn*att'd with watt'r and yields 
a crystalline* substance of cmpiri<*al composition rt*prt‘se*nte‘d l>y the* 
formula NaAI{Si().j)^, 2lL4), whie'h thus t'loscly approximatc's to the* 
natural '/eolite e/aa/c/Zc, NaAl(Si().j)j,. HA). The* comuu*rcial prexiuct is 
usually prepared by lusinijp to<jfcthe*r sexla, e*lay, fc'lspar, and kaolin. 
The; jx'rmutit is |)lae’ed in a suitable* containe*r and hard wate'r alle^wcd 
to ]x're*olate‘ throu^d^- 'I’he* whole* of the' hardiu'ss is there'by rt*movt'd. 
The* sexlium pe*rmuiit is thus gradually couv(*rte.‘d into the cal(‘ium or 
ma^iu'simn salt. I'hus : 

Xa.Ihn ! CnlL^{Vil,). ‘iNallFO., | CuPin 

NaJhti 1 M^rSo” Na.SO, iM^rViiu 

and so om 

The* re‘^e*iU‘ration of tlu* p(*rmufit is e‘fft*(‘tcd by soaking with a TO 
pc'r cent, solutieai of seKlimu chloride*, whe'rc'by sexlium pertnuiit is 
reyn‘ne‘rate‘d and seduble* e*alcium and majUfue'sium chloride's pass into 
solutiexi and an* wasiu*d away. 

Fa Pm i 2Na(i ('aC‘1. pNa^Pm 

and 

M|rPm 1 2NaFF--M^FU-hNajjPm. 

* Wiiod. ./. Sor, a/iem. Ind., HH7, 36, 1250. 

3 f iW., 1017, 36 , OH. 
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Wlnii watrr h vrrv iianl it ^Mita futa-s |i;u'f!.i!l\ sulfriifil hy a pn*. 
liiaiiinrv trr'aliiifut with \mu an*! s»nLi. Iii flu pmautil 

I'ilalit tV'«l with \l|ah frrah'ti lia% r? Im Uork S.it Istacftiniy 

ai’trr a muiibrr of vr-ars, tla |.m Mtiiiiit rMiif.iiuiniiti tl witli 

rhalk.^ 

Soditiiu pfriuiitit •,q‘atlual!\ attarknl rarhnii di- 

uxida and inur<’ ra|»td!\' U\ iuiis» ral .M'id%. Wat* i--. tia ri turf uuuuir 
iH’ids in Miliititat arr liltinii t lin*u*.di liua-sluia or iiiarlilr hrliirr rrai'liinu 
tiu* I H-n lint it. 

In this ntannrrtinn it may hr lurnfitinMl that a niain^iiM-Nr |Hi'inutit 
filtt‘r has Insii invmfrd far thr rniiMUt! n| i* iv^nt, %a!tH, ulurti hrannu* 
nxidiscd in stanr inanut-r, utisHiid) in part llir*an*di <’afal\st\, htit alsn 
throui'h naituditiii nf tlir inat4^aiir*%r pniniitit, whirh rri|iiirr'\ pta'indic* 
n'vivifyiut^ hy tnadnaid uith a suIntiMn *»! p-rnnainMnafr u! luma 

Tlin folhnvin^ aniilvsrs uf uafrr hr4i»rr and aifrr suttrnma |>y pri*-” 


nmtit an* inliTcstit^;.’* Tin- data 
{niji. lu-r litre); 

I 

\ 

ar>' «'\prrHHid as 

parts prr nsillion 

\1irf S. ‘firliJin*. 

i 

i Sili<‘n ..... 

k’l 

u 

I Irtai oxidr and ahnninu . 

Irarr 

! raor 

; Linu‘ ..... 


nil 

; Maj.^nu‘sin .... 

in 

1 

(’0.^ hound . . . - 

Hi 

121 

(’(L tins* or hair lioiind 

HI 

7H 

i SO, ..... 

2H 

2H 

(1 .... . 

Ml 

MO 

s KOH, NaOH 

r$s 

2 : 1 1 

; Total hardnrsH . 

11-2 

0-0 

; BrnnniU’nt harttnrss 

0 !i 

lid 


Tlu» wiiic’r is iHimtifntly std'tnirtk fait ih rriidm-d mitrr l•nrrnslVi• 
to wards iron inul stork 

HTElllLISATlOX iW \VA11%lt 

By strrilisation is undrrstofwl thr- rnrlinn id' all uiifaiiisnis ^ in 
tlu‘ water, whidhrr pathnufin** nr nnl. In Ihr idraiirr nt \iiitahlr 
inrrhnniral hlirrs or in rasrs of ilonht as In flir rltim-nry of tiir- lillrrs 
in rcinovin^ puiho^rnir umiis, strritisatiini sliiailif In- rrsnrlril to, lor 
this is tin* only surr nndhod at' prrvriitiii»4 Itif sjirrinl nf ttnfr-rdiornr 
distaisrs. 

* King. XfWM, HlUl. iiS, IH. 

liancT and MVtxrl* MiHriiumfrH hmi*itkhrf% Jlfilrrsal ftrflm, IPlfi* 

33» h ' 

Ktprt^iiRC'd iw parts (‘aCXh lao.otMi purls wairr. 

* Far thft hiudrriiil rxfimiriatton nf wat**r, wn Ffaiifetiiid, Jlirra %n Wnkr 

(Lungmatw, niil4|; UmUrwlti^iml Kmmmutmn t*! fmd ami if'alrr irutniiod^t*' 

Pn\HM, HHfl), 2nd n<I. 
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Physical Methods of Sterilisation .—One of the oldest and best 
known nu‘tho(ls consists in boiling the water whereby very thorough 
stc‘rilisution ri'suits. Tlu^ l)oil(‘cl water Ls apt to be insipid and flat to the 
taste in eonsc^cpuauH* ol tlu‘ expulsion of its dissolved gases, but this is a 
niatita* ol minor imporlanee in the preparation of beverages such as tea, 
eoih‘t\ iuid eoeoa. As ordinarily (uirri('d out, boiling would be too 
t‘xpt‘nsivi‘ a proet‘ss to carry out on a. very extensive scale, but the 
cost may bt‘ great ly rc‘due(‘d by utilising the lieat of the sterilised water 
to warm \ip fn‘sh eni(h‘ watta*, so that the purified water shall leave 
tlu‘ steriliser at a Uauperaturt' V(‘ry little above that at which it entered, 
^riiis is (‘lh‘et('d in tiu‘ Forbes Patent Whiter Steriliser—to mention one 
among many. It has beiai adc>pt(‘d by the American Army authorities 
and opt'rates in the manner indieat(‘il in lig. 37. 

The ft'cd water passes upwards through a series of narrow, vertical 
ehamb(‘rs H, C\ 1), K, s(‘pa,ratt‘d by thin, metallic walls from the hot, 
sterilised watc*r, and entt‘rs the boiku* F at a liigh temperature. Here it 


FEED 

water 



is rais(‘d to boiling and <*s<’a])es into U, whence it passes down the 
towi*r, giving up its excess of heat to the cold, raw water witliin tlie 
metallic partit ions, and esiaipes at U at a temperature only a few degrees 
al)oVi‘that at which it entered the ajrpurutus. As it passes down the 
tower it also draws with it from G tlu* dissolved gases which have l)ccn 
c‘X|)elled during boiling, and rcji})sorbs them. The sterilised water, as 
it leaves II, is dc‘Voi<i of the insipidity so characteristic of water that 
has bet‘n boiled in the ordinary way.^ 

Ultra-violet light, such as that emittcxl by a mercury-vapour lamp, 
1 ‘Xerts a powc*rful germiiadal u<*Uon on water and ice. In a series of 
expcaimtiiis i'lirriisl out at Marseille's it was observed tlmt a lamp 
working with H amperes at. 220 volts destroyed ])athogenie organisms in 
watt'r within a radius of 2A indies in two seconds.**^ In order to ensure 
compkde sterilisation in a sl nxim of water, the latter is made to flow, by 

^ Many caiirr furiiw of atfriliHcTH luivo been doviacd, JScc Kidcal, Waier and ita 

I'lirijiratum (Crimliy IdKikwitiid, lKi)7), 

» Sell i).m iui(i cliixhiiliii, Modem Melhmla of Water I’urijicalion (Arnold, 1!)13), 
j))). 353 cl «(•//. ; H. and K. Hidoal, Ikultr (Crosby Lookwoo<l, 1914) ; also A’nyi/it'er- 

imj Xeu-V, UUO, 64 , 033 ; Trann. Iml. Il'ater Hitymecrs, 1911, 16, 90. 
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means of ii series Iniflle filatfs, elusr tti the lamp on three suecessive 
oeeasioiLs* us shown in fig. IIH. 

Tile eflk*ieiiey of th«’ proees^ apprai's lu hr iieh nf thc' 

anioinii of clisNohi'ti th*- !4entnenlal aefiMis heiie4 a purelv 

physieul uilion m»l in\iihing the piuduetiun either ul ii\iiriseiii |ten}\itlt‘ 
tu* of ozone. 



inn. 3B. The lUisn-halyiiml tiUr,iae4*-i -ilfoleir i 


Chemical Methods of KteriliHutl^ui. \'erv rHirei!i %t«-iilisaliun 
of suspected waters may t*r effeeteit h\ cIm nueal ifclliMiiN, and the eosi 
may he inaiiTially rediUHal l»y Inst purdung ttU' r far a^ may he 




8 . ,11 



Fiti, au.«’--’Tia* llaWttfd-tlrttlge 


t I HU latD 
VVA t I n 


by meehanieal iiliraiiom The liiial stnu^- of puniieatnai is f hni i I'fei-led 
with a minimum <|uantiiv itf the chemu*ul rragml. 

One* o( the most valuable .suhstama’s for this |*ti rpiea 1 % h»r it 

a(*ts rapidly, imparts uo tnst.e to the water, and leaies no .‘%olid rrMdms 
Numerous ozoue installations have been erected lor ifirs piirposi- both m 
Kurc»pt‘and in Amcrit'u, In Hid l*raut*c possessed siane tJiirt}’ diflriiiif. 
plants, ilu* largest being at the Partsiiiii witlerworks of Nt. Mitur. Iba*e 
tile water is lirst sand lillereil uiui then oziiiiisi'il, 2! niillnin 
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HOW 

pjirt.ially sterilised water 
throu^di tlu^ pipe E, aud 
( h(‘ hadle plates until it 


f { I i) 
WA I I R 


OZONISED 
^ Al({ 


11 A 


gallons being trtaited daily. ^ The ozone is prej)ared by commercial 
mcd.hods such ns are dt‘S(‘ribed in ChapUa* V., and <‘onducted into 
sterilist'rs, of which various forms hav(‘ beam designed. 

Tlu‘ Hotvard-Brldgi' wSirrilis<‘r is shown in diagrauunatie section in 
lig. 39. 

Cru(h‘ \vat.(‘r eaitca-s at A, and draws in from pi}>e B any unused 
ozonistal air which has (‘oilcelial «d ('. As l lu' watta* travels round the 
Orst l)ea(h all the ozone is usiially extraeUal from tlie air:, which 
escape's from th<‘ S 3 ’sl<au at 1). The tlaa'ebv 
now rtaaave'S a charge' of fri'shlv ozonised air 
])ass(‘s round the se<a>ud beaid aud betwetai 
r(‘a(‘lu‘S C'. At t his point it discharges its t'xea'ss of air and esetapes at 
F in a highly ])uri(u‘d (‘ondition. The' e‘Xe‘ess of air at (! is continuously 
drawn away to B to partially sterilist' the erudt' (‘utraivt water as 
e.xplaiiu'd above*. 

This syste'in possesse's the* deei<le*d advantage that no e'xl.ernal power 
has to be* applied to force the* oze)ne* inte> the* wale*!*. The* gas is elrawn 
in by stiction as t he* wate’r ele-sce-nels the* hrst lind> e>f the* apparatus. 

S(‘Vt*ral forms of ozeiin* ste*rilis(*rs Iiave* Ix'eu d(*s(‘ribt‘d by Ve)sma,e‘r/*^ 
a rt‘(H‘ut (It)It)) de‘\ i*le)pme*ut of 
which is shown diagraimiiatically in 
Fig. 4‘0. Tlu* lVe*d wate‘r enters 
through the* top le’l’t-hand tube*, and 
as it passes de)\vn the (‘ylineier nie*e*ts 
tiu* asea'Ueling stre*am e>f e>zom* which 
effects its ste*rilisation, anel e'se*ape*s 
at A. In the* Si<'me*nsdlalske* ste'ri 
lisc*r (lig, U) the* iVe'd wate*r passes 
down a tejwcr eont.aining lunp^s of 
some such material as Hint, coke*, or 
grave*!, to int*rease* its surfaea*, anel 
mec'ts an asce*nding eurre'ut e>f ozotie 
whi<*h e‘ffe*<*ts its ste*rilisatie>n. 'I'la* 
es(*aping air at the top of the ve*sse*I 
is still rich in ozone, and is drie*<l 
and passe*d throngh t he* ozoniser in 
stmaei ed’ ordinaty air, and thtis raiseel 
to its i)revious ozom* e'tmeentration. 
sulIieH* to sterilise 1 <*ubie m<‘te*r (lOOO litres) of ave'ragt* watt*r. 

An ingc’iiioiis apparatus has bt*en elesigned,*^ in whi<‘h the* ultra-violet 
light, produ(H*d simultaneously in the* silent discharge* e‘itiplove*el for 
|)rcparing erzone*, is tdilisesl t(» assist in t he* sterilisation of wate*r. The 
Iasi namt‘d is first a<‘tcd on by the light, the ijurtial sterilisation thus 
ijuluced lK*ing eaimph'teal imnu*diute‘ly after by (*ontact with the 
ozone. 

Hydro^VH peroxide t heori*tieally constitutes an ideal sU‘riliser, for, 
like ozone*, it dt*stroys !aieti*ria witheait adding any foreign che'iuicai to 
the wait*!*. One pari in 10,909 suni<*e*s to destroy eiliate inbisoriaA 
although a minimum ed* I part per 1000 is ne*e(*ssary for the destruction 

^ Kih’ Hidiml, o/aiw t'it, ; l)‘»n aud upUH cit» 

'■ iSijf! Vc»«iUiM<r, (Jsnm &. 1910). 

» K. Hititml, PaktU, iHaH0(H)0h* 

* I’luuilt, (’hrm, Zrntr.f iHUtI, i., 174. 
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40. A VuHuuwr Ht(*nliH(*r 
(diH^u*arumaf i(5)- 


About 1*3 grains ed* ozone* will 



24H 




4 if liiHirilii.* iiliti f^rii Ultli tliiH rMjjs-i ill rat II.VII flt^ i** fathrrsktw 

iHvilii: tu its iiistiilniify and lu-ii |ii»Hr\fr. Iniiiii* 4 rii |ir‘rti\.|cit. 

iitily III* i.i^*ril t't»r Hlrnlisitii^ Uit!*>-r a rtimfnirni 

cvrtjllli lllftHlIu* |»rrM\|t|?'s, ft.r fhrsr rail III a 'saliti 



41. I tMli*r.5Hi4iri«iUr- tr'|»4r'sri4lrtl4M|4 ii.f aHisaiPa*■•> || ■•.il-'skri ih'w I. 

l^uultT htubtltty aiml Ntrrilmij|» rJliririiin , S^nituiH n* lur 

i’XntnpI(;\ |.H)ssr'hst's n {ttni'kt^tt t4rrtUH'ii|jil aiiit a! llir ’riinr tiiur 

HrtXfH ith II htiiltiiti* tfir hiinl tr\alrr‘‘r riirliniiatr lii"'iii»,f 

tty UK’ tiisMih'rd «'arhuti flinaitv i ibr jirmin- 

ifitiou ui fiilritiiu {or raiiioiiat*", iii th*’ ui triii|itiniry 

liHidtU’SS, hy Iht* NoUriil* liiiiuriy rartitiiiio iu’iti, iiiat iii tlir raM’ 

OI pannitiuiii hnrdltrsH, by liutlblr ilrroiii|ii 4 -^llliill wiiii thr 

(or iiingarMiitit) Milphiiiin Tliit^ : 


j VnllS-^^hh : 

t iiP Nil, 111 , . II Ji. 


( iilaum iuhI mtigfm%itim mruritk^ Ii.ivr at 

hvvn rct'otmitcticlad, ilw former Uvmu ?*old iiitdrr tin- lymir- nr ^ hmtini 

Whilst m imimrv imm of thr Iitllrr in lo^rd in ftn^ ..trrili.iitioii of litiltli 

muHTiil wntc^rs. 

ChlorvH K u (towfHul |{frisut'»lc, ami j., iniTruHinji 

l.«l)ulur lor tluH It ,»ny !«• usr.i in ti,.- Corn, ot Injm.l . laurii 

oi ii.s (•hbniic watfr. It is Houintinu-s nam- .■niivnin nt, la.u, v. r, to n 
hlearking pomirr, 3() lb. of wl,i,-h „r.‘. u. «. n. t«l. at to st. r.li 


* Sf*<‘ Urit‘ht4, ZriL^f.h, Ht/tjknr, liHIH* 6l, m 

^ lUllml. mill, I, in 


, J, f'krni, 

lim iw'fir'A, VI i I. 
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1 luillion ^^allons of wator.i Sodium, hypochlorite is also employed for 
the same purpose.- 

Sodium hi/dro^eu ,sulph(dt\ NalLSOj, in lahlet form has been reeom- 
nusuhsifor trav(4li‘rs, ami was used in tlu* Hoca* War, about 15 ^'rains 
pt‘r pint or 1*75 i»:rams per litre bein^^ re(fuired. 

(*ifric acid, I part per !0()0, is •rermicadal, but im})arts a strong' acid 
ilavour to I lie watt*r. Carbon dioxidt* imder pri‘ssur(‘ is also elTeetivc ; 
and boltk‘d iiiint'ral waltu's, su(‘h as soda water, are usually very safe 
lo drink. 

Alkalies are ais<i powerhil «jfc‘rmi(*ides. The addition of lime to water 
in aeeordanet* with ('lark's process for rtatiovin^^ temjioraiy hardness 
elTt'ets tin* naiioval of tiie l)ulk of the eontaititsl bacteria.^ This is 
laiya'ly due to the meehani(‘al effect of sislinicaitalion whi(*h causes the 
bacteria to bi‘ carried tiown with t in* liiiie, only a, ])ortion of iiiem bein^ 
killed. Aftt*r a tiim* they rise a^^ain into the waUa*. Uy addition of 
excess of liuie, tin* ^ermi(‘idal a<‘tion is in(‘rt‘as(‘d, but evc^n witli 0*2 
per (‘(‘lit. <if liuic {<‘ahnilated as C’aO) or 20 parts p(*r 10,000, the sterilisa¬ 
tion is not iisually <*omplet(*d* whilst at tliis ('omtentration the water is 
too stron<i[ly alkaline for iiiost purposes. 

' Dtiij and OhiHlMtlni, aptiH rit. S<'(' Mnsun, i'huti. Nvim, 1901), 100, IJ21. 

By uiai Itijinil in 1901. 

^ In the (-olta* vallry \vutt'rvv«»i*kH (Herta) Kruaklniui found the nu(u‘o-orpuuHniH were 
r<»dueeti by 99 {ku* rent. See Mivrt* tiftjauifOHs in Wdtrr (Maendlhin, 1894), p. 101 ; 
uIho MCi* /Voe. litjtif. S(H\, iHHb, 38 , 979. 

*’ Sec* Dtmbnrjind Za n» \lt rtt ljn/n' t)[ft ntlir/i, Mt tl., 1898, 16, Supp. [j. 198; Kruger, 
>Ic cV.vf/n////c/e/fc, 1SS9. 7 , M(»; (♦r<*thcT, .1 re/c/e. Utitiivnv, 1899 , 27 , 189, (!oni(»are IdboriuH, 
Ztiisvh, llptjitHt, 1887, 2, lit; Pftdd, ibiU., 1892, 12,509; Ivuiner, CV/dr. *1%. 6'(W. PJh'if(\ 
19(18, p. 280. 
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WaI'IJI iN lillK' ab!*' |ti lii alt I lil'r?' mI luattrr, li.llllfly ^ 

m in% liijilid wiittv, ami va|»uiir **r %tr.%iti, but •**■% »•!■,if *'f\ •.!ailiui- iiuHlb 
iifiitiiiiis ui'tht.' btriii ran br iirtHlnmi. 

A. l*/if|Airiil fi iihi. 

Wliiii tlir tiiii|»ri-aliiri' »4 |*urf H"'-' r-. rai\» «! iimlrr Ihi- 

iirdiluirv atiiittsjibrrii' jiirltuii' ‘4i4r|»ly at a 

Ct’rtatli itlVSinilblr trlH|irralUrr, ubirh l-rlH.iJlr. r-»i|r4alll lUifll lllMiin is 
(* 0 tuph 4 r. Ihi lU’runiit til’lljr ra\« mitb ^’^birli Ibis triii|»rra|iirr 

run 1 h* attaiiM‘d it has brru rliMsm »'is th»’ slaiitl^nl /rx** b»r llii" i’i’IsiUs 
((aiitigradf'i am! ICraiimtir thf-rtHumriur' •..•uirs. Mli* iiirjf 
i»s ♦slightly nffiairit tiy iirrsHurr, fai'b ua'ir.is*- *»! mim atiai»s|*iirrf lawriing 
ihv trnusititm ttiii|irrallil‘r ul in,- in b\ aj'i|*rM\,|yia!rIy IMMI7.I. 

Thlit Slii’h aiVIltit til bi" th«' tsi.sr was bi'st i* alisr«i b\ Jaiii* s riioiiisaii ^ 
whti* ill sliliUTil that iriim thnirrliral riiusiibr.il iMir. a rniUMTl i«ill 

iniLsi tsxisi I'H'tW’riii Iht' mI' a sulitl amt flir |.♦rrssllrr■, Hia 

ibllowiiig yt^itr tliis wiis r.^^iirnimaitally ilriiiMir4r,aii »i bs bis bratlii'r 
W. ThtiinHtiii [Ltifil baimi that iiinlrr a ptrsstnv at' HA 

aioiaspht’ivs *4 it*!-- was |trw*'r*-ii bv ii iiAb C',, i't|iii=. 

Vllkait to H full <if tblMI#;!' |irr fitim*s|iiir-|r. Ill tlir t.iiilr' all |i. Ibil itrr 
giviil ihrttmrr imniriilr uf Taiiiiiianii,lltr liiini isihiiiiii 

giving ihv results vnltnilitiril in fnins ni' atiiiii.s|ili«a'rs.A 

ThvHv diila iirr ri^jirrsminl ^ in thr |*rrs^aii-r- friii|irrai.iiM- liiaiintni 
(fig, 42) l>y Uiv t'nsion ftiri.r Alb Hlnrh is .sin p. biit i-iiri.ril iiitt».irtis titr 
absHsHii/^ as thr rrsiilts in thr hist nihniiii i4 llir .ab*i\r talilr rh^irly 
clrniaml. Tills rnrvr rrprrstiits tJir riiiiililiriiiin li*-lwrni iinliiiiir)' 
ier or irt* 1 and wairr, tlir tri|ilr |tonit A rf’iirrsrniiiis flir niiitlilioii oj 
rtfuilibrinin of walrr^Vitjiotir, ln|iihl walrr, aiiil irr |, Ibiilrr a |»rrs.sttri 
of kilograms* rorrrsjifiiiiliiig to thr |itiiiit fl in tin Inain , llirrr is u 
break in thr fushai rurvr, ii nrW' foriii of irr mijifsiriiny kinn^n as irr III 
0 

* J. 'HiiaiiM»nu Trmm> Sm\ IH-III, |i&, fnli 

^ W. ThiiitwriK Prm, Hmf. ,SW. ISMi, 

'fioimumiit IfirA, Ammlrn* tHiW* /»aa, , ,|r»« I'smi ^y, i, t''4 

iarli«'r diitii, mn* iSnvitr, i*tm\ Sm\, iMSii, .^ci, a:i*| 

A |»rr«Mtiri* ttf rtn, *4 mm mi ir*ni4l ■ I r i.i lil'fi nn'- |» r <*» 

or <*oiiv«*tw!y |»rrssiiro of t |i*-*r w|. rm. nai'm 

^ Thr iliitgntiii i,s not ilriovii lo wsihs Iml is r%#i|i^ri4lr4 m ? i 4 » i !■< ofirr 

roil* lily |«»r<»t*|itil»!rs 
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PHYSICAL PROPERTIES OF WATER. 

the melting-point of which, in contradistinction to ice I, rises with the 
pressure^, as iiiclic*ated hy IK' whicli slopes away from the ordinate. 


DEPRESSION OF THE MELTING-POINT OF ICE 
UNDER PRESSURE. 



Pn‘SHun‘ in 

rressure ni 
AtiuuHplieiv-s. 

DeprcHHion in 

.M(‘lUug-poiut, “ ( 

kilo.u;nims pin* 

H(p c.m. 

Melting-point per 
Atiuusphere. 

0 

1 

O-OGS 


2*5 

\VM) 

;J25 

0-0077 

5 

015 

505 

O-OOcSI 

7-5 

SOO 

<s(n *5 

0-0087 

lO'O 

1155 

1 1 IS 

O-OOSO 

12*5 

1110 

i:k5 

O-OOOl 

IfrO 

1(J25 

1570 

0-0005 

17-5 

1<S05 

177G 

0-0000 

20-0 

20 1-2 

1077 

0-0100 

1 

2200 

2100 

()-0U)I 


1 


....... 


At llu‘ triple point B, therefon*, licpiid water, ie(‘ I and ice HI are in 
e(iuiHl)riuni, the* temperature being 22“ C. Tammanu ^ found that 



Kie. 42, 'riu^ pri'^hurr-IrmiK^mtutv. diagnuu fur water, ms and water-vapour. 

Up to j>ressurt‘s of 2500 kilograms, tliestdid produced l)y tin* spontaiu‘ous 
(‘ry.stalli.sation water is invariably ice I, even in tlu‘ ita* HI region. 
Alunc* this presstire. btnvtwcr, its* III forms, and it is inti*resting to nott‘ 
that uiuler ihesi^ <*o{Hii(i<»ns tlu* i<’e ha,s a snialha* volunu* than t h(‘ litjuid 
walc«r, so that a \i%ssel iti whicdi tiu* pre.ssure is greater tlian 2500 kilo- 

* raiiauiiiai, Zntich, nhufukal. lilla, 72, t»na. 
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lirillllH |H*r till. tiiiiiU*! hr rUi| 4 M)r«t tif d*-|iiuiist rair tlii- rX|iii||Hive 
tiiri’r t»t‘ iri' ti*riii*itjt»ii. 

lirtlirilllii: ti* tlir' tri| 4 »- H, !■- l u--. >i'.-.uiiP ' 4 r-'iit lUiTriiNr 

prrNSiiriX Iiwi|ii|ti 4 iiu-il h% u Uill in t. mp. i a!tir- . I.it|i 4 ui ttait-r tlk» 

ap|H’»I‘S illlil Hitter lU t ll^ tlu'f'tilMU lUl, ’tUiirli i pi* m fits « * |lll!l!»riuui 

iH-lmrru irr I iilut U'v III, At |j ,UiMtli=-i luni! \ fU'^uis, fins nv\x 

trifilr |H»llit frjirt'Miitiiii 4 tip- r4|iiil|i»i-|!iiu m| I hr lfir*T snhil |»!uist*ji 

in* 1. trr HU aiai it’r II. It n«n% itir pn-s-nn'i' I'i risliii'ril and tin 

tniijHilltlirf' IttWi-mi, thr '*ulld phaar irr III i|j-.apprar% ainl Wr pass 
II iiiir mil Hi Ihi^' h-kpu'* i'r|»r^'^rn!ini' thr rMudilitiiis nt* 

n|llilil»ritlin lirt wnii in- 1 and lU flr>- rati" til’ Iniiis-* 

ft»riilfitii*ll III' iii’ ilU it n iniHsihlt lu li-inrl m tla dirrrt}i*ii IIH hrymid 
thf |Hiiiit H ali.iiii 4 ii liiir, lihnd* pr*-s^ nt^i Um- in» ta'-*t.il»!i-nnuliliuii uI‘ 
c‘<|uilibnnni hrlwrrii in* I ami m HU 

If, tlii’ tifliti* liaiui, f»n rrnrluiii," tin- P**ihI Ih Hr- trlupf |•a^iin* and 
jirmsllli.’ iirr Iwith rai\»*iU iinlt ad m| |i!»%n'r» d, a-. |irri. loii'dv, pass 
I)iU whtnh nhvs ftir niiiihti»»in t»l r*|uild»iniiH na- II and m* HU At (U 

in* V tlm hr-UH? tin tnpt*' at Hhndi ir*- lU wn HU luid 

in* X nui nm/xi^t. lly a^»aiit ianana tli*- t» and Uy a *%li|4ht 

intiVilhi* in pn^HUrr, thr lli|dr |iMinl i i% irarlr d, wliirji n»uld nlnti In* 
ttiiHiiHtl fnmi U Uy h naniilrraldr in prra-airr ainl a *dif|tii rini* in 
inniH*raturia 

At i‘ iit|Uid ^nitrr ajtjHxm, ami r* in »iinn %\itii irr HI iiuti 
it’i* V* 

lut’rnnr nf |>rr\%lirr, arruiiipanird in iisr «»l tmiiirralurr, »'iiahlrs 
ti.s tn \mHh iihiii |4 thr ntrvt- fit tn ihr fnph |a»iuf lU a! «lii»''h |iuHd. 
in* VI npjH*iir>i, llii-H puint rrprrai. nl*» fin- rMiaiitiMir, mI M|uiliin'uiui tif 

ice V, iet* VU iiud Inptid ^vatrr, and Inn aUM%i- o i , laiini-'lv at tMd C» 
By ineremini4 the prtnsnn' ami rannn! th** irmpnaitirr *4.ill higher, 
iee V disuppear-H, IIK reprr.Hiiitiie^ tin- lapnhhriniii ivr I lupnd water. 
Thi* reiimrknhle feat tire i.tf lee VI hm in t|ir- faei liial if e* \tatilr nnly ui 
ternptmfum ulmtTU" i\, inii*eme fd prinniirr -anninp ti» raea- melting- 
pointd IndenU it- ix pn^Mbh' tn have ‘adid watrr in fie- liniii n| lee VI 
even at HlU i’. The fnrt'gntii^ eunddiiiiiH nf rtpnlilninin arr Miiniiiarnnl 
in the tblbwing i-ahir : 


EQUILIBRIUM RRKKSURKH A^vI) TEAIBERAITTtKH. 



Faint 






eiltilri 

t \ 

In 

Fiii.wt.«» ill 

|*^tali|jfuaii. 


F|rr5,^il|tr 


iif(. 4a. 






A 

Water-vapour 

ln|iiid water 





it*e I . 

* . 


1 luiM. Hi;, 

- it- 

'■llllTli 

H 

Litpikl water 

iff I iff 

HI , 

»J l.» ktl'f. flit.” 

n*j 


I) 

lee I dee II 

iff in . 

, 


in 

' < 

(; 

I(*e II iei* III iee V . 


iCiHJ 

*ii 

-n 

(' 

Li<|ui<i water 

tee III ii 

•e . 


17 


II 

Lit|uid water- 

iee X tn 

* VI . 

liJWO 

-It 

-HI 


Tin* pcKsitinn of iee II is interest tun, h**' n Hiiri'iiiiiided liy 'athd 
p-hasen, and henee eaii never be in et|«ililmiiiii ml It lii|iiid water. 

* Ilriilgtiittii, mmry. C^w., 1111*% jj, Wit. 
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It will 1)(‘ o})sc]‘ve(l that no mention has been made of ice IV, the 
of which is uncertain. Tammanu obtained certain indications 
of t he possihility of its c‘xistcnee, but Bridgman was unable to confirm, 
so the t(‘rni has bc‘en left in order that tlie nomenclature shall not 
n'cpiirt' jdtiaaition in tlu' e\ emt of the possible existence of this particular 
tonn ol’ i(*(‘ luring substantiated. 

Ice I is t !u^ light('st. \-ari(T.y of ice known, having a density less than 
unity, all tlu‘ othc'r t'onus b(‘ing more dense than water.* It is the 
ordinary ict* whic'li is always olfiained during the normal crystallisation 
of wai(‘r ur\dc‘r ati\u)S])h(‘rie ])ressure. 

Nhunerous aliianpts have been made to determine accurately the 
spt*ei(U‘ gra vity ^ of ie(‘ at ()"’ C. with reference to that of water at 0° C. 
'the more iinporiant rc‘sults ar<‘ givmn in the following table : ^ 


DENSITY OF ICE AT 0" G. 


lhaisii v.“ 


R( a n arks. 


Authority. 


0-<)lTS 


Artideial ice 


OOlGTt 

! O-()()()0t Natural ice sucli as 
i(‘iel(‘s or blocks. 

O’DlCdT) i O-OOOOt) ArtificiaI ice produced 
by carbon dioxide 
and etlur. 

0-PUUn ' ()*()()()()7 Nodiffer(‘n(‘(‘obs(TVcd 
bc'twt'cn old and 
new ice. 

0*01 r»0 Artiiieial i(*e weighed, 

uH'an of six deter- 
ininations. 

0 At lH8-7‘’ C^. 

0-917<J Artiiieial ice . 


Dufour, Com.pt, rend., 
18G2, 54, 1080. 

Bunsen, Pogg. Anncdeyi, 
1870, 141, 1. 

Zakrzewski, Wied. Anna- 
len, 1892, 47, 155. 
Nichols, PJr}j.s‘. Beviezv, 
1800, 8, 21. 


Barnes, P/uy.9. Review, 1901, 
13, 55. ' 

Vincent, Proc. Roy. Soc., 
1002, 69, 422. 

Dewar, ibid., 1902, 70, 237. 
Leduc, Compt. rend., 1906, 

142, 149. 


TUv cUuisity of ice at 188*7^^ C. is given as 0-9300.^ 

Tlu‘ a|)pr()ximat(‘ densiti(‘S of tlie polymorphic forms of ice arc 
as follows : 

II . . . 1*03 Ice V . . .109 

Ivv lll . . . 1*04 Ice VI . . . 106 

1 Dh* LTJivity at 0" < !. diilorH from iho true density of ice at 0" C by an o.xceecl- 

my nlJ. 1 ^ram of water at 0“ 0. has a volume of 1*000132 c.c., and thus 

(lilhTH from I c.o. by only 0*013 per cent. ^ ^ x-u 

® Knrlicr (lat.a ara now of liiHtorical interest only, ^he first experiments were thrae 
..f I5.,vle. who (l<-sc.ril.e(U.licii\ iiv liis Kxpcnmmtal History of Cold ® 

ii .W’l 1 Ht' found timti H2 i)arts ef water yielded 91 j parts of loe by volume whenfro 2 en 

»;«;■» .... - f f;. 
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It will I «■ fills* r\ r»t f h*'s»- .'.ill ’.ffr.il'-r fli-tn 

It will hr lii*t|t*ril fh**! Ihur.? n !»»r ! ii- rhirafv iif tf*f | 

lllfirfs util) h\ jhullt U'l fio r. Ilf. ! h..i.! ..I .ii!»| ||}r- 

illlt i|t if *'^1 t|i4t lir'ilill' r- nr.- r. ru ris.= h, iiu.. i»* l,Mi lint 

h:iil IH*! r«iiH»^ri| i \ i ry ni .air Ii'mju iu'- i umiriritl willi 

all till' rtsiill'v, lnnvfn-r. mhr. api*,.. .tV', suiir,-«h.;.ii jui^j 

III a rritiral rmauiir ii,h. fir frir.iu \ .ifii,- ;is 

lirtihahly iiinn! iirarh rtiiTri f. 

'ritis lliUirf *4ntntrii, tllr ^lahlliir Mi I m| ir.^ ,-.d II i'. |-, I il‘iil7.1 tM*., 

itittl tlif riliit rarittai tai lurlfinj^ is u t***Uiaj *• r. 11 rfiaia m|' «.,i|.rr .tf n' (y 
hits a Vfilittilr Ilf I'lHNIhi iM% .■• lha! is ahrail |h r iviit. *|‘h|. 

lllll||llitllili‘ ttf tlU'^ rimui'r’ lu \i4UMis- IS iVnin .1 rMirailfriiliuii 

l»f till’ flllhnvillix liatll, I|l\r lla firnsiilatfr 1 Mlumr r||4|i||rs ill 

IlUis! uf thf-M' liistaiaa s, r\|rHisiMii‘. nliris rrrf.aiii •s»Ih| rh un fits iiirlt."- 

. , . , I *1 |l:u; t\ I' la.( llj^ 

VtiliiatiM’iisiiiiii" l*rr mil. 152 ^MV* 2 *1 J :» 'MV* ;* «t :|4|| 

It is ililrr«Alili|4 III IlMfr ftir llrliSlfl 111 Ii-I)- Is sliiflltlv 

(liffrrrut fritlll arllliria!, as iiiaiir ti\ rMMhiiif Uafri III .1 .Irrr/I!i-.^ Iiiistans 
Tliis was tirsi uhsi-rvia! h\ IhilMur in |sr»2. an«f r*iriluin* »l Irv Xirhnis ill 
IHIHI. Fnssihiy Itlis is n *|lirHtjnij mI ! |.jr ir*- tinrir|sy,,*ii|M rlt<Ui‘t[r 

■nn stautUlii' ; althniaih llarm-s im a|i| 4 j'ri*ial 4 r tliflrmirr hitwnii 

old and arw its.-. In any nasr tin- nuiatnai is mrh siii.tlh Hir 
t'Xpaiisioii nl' t\'atrr snlidiliraJnm ida^ s .an itn|iiirlaiil |»arl in tlu* 

Hal Ural dnunl r »„fi al n m m|' rtirks*'* 
ft i!ia%' hr r\|irtiiiirii!;ill\ drliinin’ 
\t faff'd in tiir rasr mI nalrf ^ hv till' 
11114 a ra'st ii'mm Imdrr vufti air-'frrr 
%\ntrr itiitl i'Immuii if with a 

urtl liftint# MUS'H'. H|.i allnttllia i| 
In III- if'i a iiiisturr *4” irr and sail 

I hr Uiitrr Ifrr/rs and hursts tlir 
ryliiidfr. ‘Hus is a nintlili' 

i‘aliMiint lln* rsi'iriit'ip'iif a^|i|iarr!if|y 
hrst rarru'd mui ii%' ilii|.f|irits m 

lllin’r" lllr r \ I rr niiir lit lias fl*' 

|it'atrd fiV lltaissiiiiriidt *' in IH7I, 
it trin|H'i'aliirr 1 * 1 ' I ' t\ liriiny lit* 
tailird Wif.liiiiif i-Mi 3 *.,»»• la I loti, us mils 

pnmal liy thn find' tliid an mt^nsrd stnl hall s.li!l rattlrd ttlim tlir 
<‘yliiulrr was slinkru, 

Thn hardiU'ss of iw is Ml (Mohs* sriilr). 

At low tiin|inraturrs iih* is nxmalin^ly* hard iiini ^i-ry rrsrstiint to 
shook. .Aliovr 12 ' Ch li Ifo^ins to sofirn iiji|irrrial*!y lli*diti|i Wiilsoii 

* Hath, f'/iriu,, i»jas, 6"|. 'ill. 

Vimtiiiii iiriflihiicifiihdriVr/. t'i, i'7T. Jifr ii. Iml, 

23, H. 

*** Wator, liawijvrr, w not fhn aiiiy Ihitihi that rfs|*iia*h in llit» tiisstiurr. hi,»|tjis| 
antimany, ami Iran b^'iava miihhirly. 

^ HudarfT, /Irr., ISTU, 3, flU, Bsaminutitili, r\»nv|a. rfw;,|,, 7J, 11 , 

® ilaui 4 Hiiji|ffntlt, /of. til, j alit* Krain, |kT 2 , I j6 , ta| , iitid 

CJianaal, /imi. iH 72 , 26 » &IH j Hrhnittrr, daaalrii, isau, iwj -la Hriitisiti'f, 

mtzurnpbrr. K, AkmL B'lW. iriVn., imil, mi i dfiirr. 4 rr„ |s5i:i. a, Mii, 

* Amirawi, /*««:. //ay. *SV»f., IHHII, 40» 
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«f.,tes that at the marriage «f Prince Gatlit'/.iu in 1739 the Russians 
ih-eVicl ea’nnon in honour of the event, the eaimon withstanding the 

shoek more than onee without Imrsting. ^ identical 

lee exerts a definite vapour jiressure whieli, .it 0 is uluitic.n 

witli that of water, so that, at this point the three- pha.ses solid, liquid, 
V. o air e-m <'o-exist. 'I'liis is not the real triple point, heeause pres- 
su -e lowers t he meltiug-puint of iee, and by (leliiiiton 0 ;‘j; 

mcltin-point of ie<- uiidi-r a, pressure ot one atmosphere. Ihi tun, 
ti'iule point ther<-fon- lic-s at | ()-()()7(5“ (’..and in the abseiiee ol an-, OH, 
which represents the vapour ])ri'ssnre_ot lee at various tempei.ituu„, 

is tt‘ruu‘cl ilu‘ siiblhuut ion 43)» ^ 

■ 'I'he vapour pre.ssure of iee at various temperatures J j.-. 

been determined by several investigators.- the results ol bdud and 
Ilcnisr !L]jivi'!i in tht‘ l<)llowin|jj taVne*: 

VAPOUR PRESSURE OF lOE. 


TtviupomtinHs ^ 


Va|)t»ur PruHHims 
turn. fig. 


'rujupurivivins 


Vapour I’rt^Hrtuns 
imn. llg. 


4*579 

4*219 

3‘HH5 

a*575 

2*779 

2*548 

2*BH7 

2*149 

1*999 


1*259 

0*78-1. 

()*480 

0*288 

0*198 

0*099 

0*059 

0*0299 

0*0159 

0*0079 

0*0029 


The vapour pressnri-, p, of ice at any temperature /" t'. may lx- 
enlenlated from either of the following equal ions : 


(1) log /i/ t-579 «-«a2(l mwomuyi'V.* 

(ii) log/' (h.^awi rp 1-7.5 log 1 


1-7.5 log T ()-0()‘iI0T.i 


Kcv<-i”d drterminations hav<* het-n iua<h- of Ua- (-xpansion and eon- 

n-sults for 111 ,- eor#ViVn/ of t'rpmiHwn are gnen m tla .u(<)nip.u> 
lahh-: 


t, r>s ; Hdl( el mitl Heiw. d««. W9, HI. 29- 

Tliiesst-ii. .1/01. /-////.it*, 1999, 29* 1557. 

t Nt-rii»f. _ , ,, iHir., 64, HR; Marohand, 

“ Kiirli<-r i-i-huIIs nre tlic/w* <•{ iJruniirr. /<W- -1'""""'- 
J. priikl. IKin, 35 , 254. 
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OXYGEN. 


COEFFICIENT OF EXPANSION OF ICE WITH RISE 
OF TEMPERATURE. 


Temperature 
Range, ° C. 

Coeificient of 
Expansion. 

Authority. 

- 27 to -2 

0*0000514 (linear) 

Sti'uve, Landolt-Bornstcin, Taheh 


0-000154 (cubic) 

len, 1912, p. 336 ; .from Mem. 
Acad, Petrograd, 1850, [6], 4, 
297. 


0*0000528 (linear) 

Pliicker and Geisslcr, Pogg, An- 


0 000158 (cubic) 

nalen, 1852, 86, 265. 

~5 to 0 

0-000077 (cubic) 

Zakrzewski, Wied. Ajinalen, 1892, 
47, 155 ; Anzeiger Akad. IFm. 
Krakau, 1892, p. 153. 

-8 to -12 

0-000054 ±0-000002 
(linear) 

0-000162 (cubic) 

Nichols, Phy.9. Review, 1899, 8,184. 

-189 to 0 

0-000081 (cubic) 

Dewar, Proc. Roy. Soc., 1902, 70, 
2.37. 

~10 to 0*37 

0-000152 (cubic) 

Vincent, ibid., 1902, 69, 422. 


Judging by the results of Dewar and Vincent the temperature 
coefficient is high, the expansion coefficient covering the lower tem¬ 
perature being only about half of that over the range —10° to 0° C. 
The results of Struve (1850) closely agree with the more modern work 
of Vincent (1902). 

Ice, when free from air bubbles, is colourless and transparent, except 
in thick masses, when it appears slightly blue. When formed from 
water at temperatures of —1*5° to 0° C. the ice is usually clear, and 
possesses a maximum density and cohesion. If produced at tempera¬ 
tures below —3° C., minute bubbles of air render the ice milky.^ 

Ice crystals usually belong to the hexagonal system,^ the axial ratio 
being : 

A : C=:l : 1*617. 


According to Hartmann,^ the crystallites separating from various 
undercooled aqueous solutions are of three kinds, according to the 
concentration and extent of undercooling. Hexagonal crystal skeletons, 
consisting either of hexagonal plates with six rays or rectangular 
plates with four rays, are produced when the degree of undercooling 
is srnall. Spherulites are formed when the undercooling exceeds a 
certain limit, whilst feathery growths only occur with very dilute 


1 Pictet 1877, p. 54 ; Arch, Sci.phys. nat., 1877, 59 ,154. See also Turettini, 

Jahresber,, 1877, p. 54. 

7 * " ^ 0 ^ 0 ^’ Chim. Ph^., 1878, [5], 13 , 283 ; Groth, Tabellarische Uebersicht Miner- 

25-27 ; J. Chem. 80 c. A hstr., 
Math.phys. Klasse, 1917, 69 , 57 ; J. Chem. 80 c. 
Abstr., 1918, 11 ., 75; St. John, Proc. Nat Acad. Sci., 1918, 4 , 193 ; Dennison, Physical 
RevteWy 1921, 17 , 20 ; Bragg, Proc. Physical 80 c., 1922, 34 , 98 
3 Hartmann, Zeitsch. anorg. Chem., 1914, 88 , 128. 
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solutions. 11iai tho (liffcnait lornis arc* identical is shown by the fact 
tliat inuiereooh'd, purt* wat<‘r tr<‘(‘Z(‘s at tlu‘ same tem|)erature when 
iiioeulalcHi with any oju* of tluau. 

Preudt‘1 ^ has <H)U(*iu<h*d that iet* is dinu)r]>hous, crystallising' in both 
tlu' hexa^n>i\al and (nihic systems, hr crystals are *l)rittlc, and their 
vis(*osity sarit's with tlu* dire<‘tion of slusir." 

‘Flu* refradivi* index for sodium li^dit is In (‘onductivity of 

h(‘at i(H' r(‘sembl(‘s ordinary wat<‘i\‘^ (‘X(*(‘|>t that tiu' valium varies sli^iitly 
with tin* dirt‘t*ti<Hi in Iht* iec* crystal. Its (‘ 0 (‘tlici('nt of (‘om|)ressi})ility 
iH'tween U)() ami 500 nuM,ndairs•* at 7" V. is ()'()0(),()12(), as (h'tcrmincd 
t‘X|H‘rinu‘Utally by Hiehards and vSjawers, a vahu‘ only about one-fourth 
of that of licjuid water at n(‘i<^dib<mrin<*’ tcauperatiiresV* about live times 
that of <j:lass, and sonuuvhat l<\ss than that of metallic*, sodium. It 
appears to havt' an atmormally hiju[h tc'inpca’aturc* (*oe(rK‘i(‘nt, as the 
followinijf (‘omputations indicate : ^ 


COMPRESSIBILITY OF ICE. 


'rvmjMirnt tire, ' ('. 

Av<'nig(' Ponipn'HHibility of lee iHstweon Zero 
l^reHHun^ and tlu^ Meeting ProflKtire. 

0 

O-OOO.OSl 

i - i 

o*ooo,o2:i 

! * ! 

0*000,021 

j 10 

O-OOO.OlO 

^ 1:5 

1 

0*000,018 


It will be obs<’r\e(h however, that the computcsl compressibility 
at 7 is appreciably hi|^h(‘r than that actually found, and the 
authors (|uotc‘d .su|^f|^n*.st that in part this “may possibly l)c due to a 
eonsidt*ral>Ie softtaunijf of tlie ivv just before mcltinpf.’’ 

When rublnst by litjuid water, ice hecom(\s positiv(‘]y electrified,^ 
a fact of eoiistdc’rable nu*t(‘orolojycical intc'rest. 

TIh* speeitie heat of i<’<* is approximately half that of water, namely,^ 
0*5057 at 0 and expressed in *2<b (‘alories (s(*c* {). 27T). Its heat 
eapa{‘itv \^hen pure \*nric*s liut little with tlu* t(‘mptTatured^Muid the 
followini^^ etpiution is as represcaiting ilu* sjarific heat, Q^, at 

various temperatures, t : 

iif 0*5057 1 O'OOLHfm/. 

^ fVeatlt*!, Krifnt, tHIM, 22 , 70. 

® iSee pfelev, /Ve<r*. HMIH, (Aj, 81 , «50; 0vol. Mag., 1895, [4], 2 , 408; 

M*(‘oniH4, Pfoi\ iimf, AW.. I HIM, 49 . » Pulfrirh, Ifm/. Annalmy 1888, 34 , 326. 

* 'frutaori. /An/. Sur. Ihihlht, 1 H 9 H, 8 , 691 ; Hlrmasn, Alii It Accad. Linoei, 1897, 
|51. 6 . ii., 262, 299. 

^ Thi’ owjttlmr m tht* P.Cl.S. <»f 1 million dynos per cm.® and equivalent to 

9*987 erdintiry utitinHplit'n* f UiehitnlH and Htull,./. Amer, Chvm, Soc.^ 1904, 26 , 412). 

^ Hielifinb lUid iS|i**yerii, Awtr. (*hvm. AW., 1914, 36 , 491. 

’ PidrnlAti*iii liy gi%Tn hy Hadiarda and Hpeyore, loc. ciL, p. 494. 

CdwiTvetl l»y Fiiradiiy, eoritlnned hy Hnhneke, Wivd, /l/twaAw, 1886, 28 , 550; 
Jkiblmm 1H8II, io. 5 K, * ® Diekinnon and Oabonas J. Wmh, Acad. Are, 1915, 5 , 338. 

A. W. Htiiilli, PhgM. Arririr, HKKI, 17 , 193. 


2a8 


iiWilFS, 


At low ttinjH‘rattin*s thr sjiccatic iirnt falls ooiisitlcrahly, as is (‘vidcait 
from Dewar's^ rt*soar(‘hrs, the rt*sults t»r \vhi<’h arc i^ivni in t!u* 
following tahla : 

SPEGIFKl IIEAI' OF ICE XT LOW I'KMFERAl'CRES. 


urr Unuy;«% ' V, 


S|«H”.rU’ Hf’ilt of li'*\ 


IH to 7H 

7H to IHH 

IHH 252-0 


0 - u\n 

t^2H5 
tM Mi 


Thr latt*nt hrnt of fnsiou of ior has la-t-u thr subjoc-t c»f rrst-areln 

Th{‘ most notc'Wi>rthy «lftrrmiaations nrr */i\vn in I ho tublo on p. 251). 

Und<‘r aimospliorir prossurr. tin- valm- 71)-T wonhl ft|ijioar to In* a 
fair inoaiu luanirato to ubott! 0-1 por ta ut.* miployinil tin* 15 oalta'ii*. 
Incroasi* of prrsstin* n'<incrs both thr nirltiui^ laant am! latrnt hrat of 
fusion, as flu* billowinti data slunv : 

Tianprraiurr, ' i\ . 0 5 lO 15 20 

Latriti ht‘ut (ralonrs) . 70-K 70-7 tiH-o 02 5 57*7 

TIu' lati-nt h<-ats of fusion of thr p<»Iyinorphir %arit-tirs appro\imntr 
to that (i>f irr L and btit litth- rxidmna*- takrs plnrr tlnrinji transfta*inu« 
tion from oiu- variety to another. 

Th(‘ h('at of Ibrinalitm of irr from hydriiren and i^xyiirn at 

0’‘ (\ is (H)-O(i (‘alorirs i. 

Pur<‘ ire, fna* fnan air btibblrs, mviiirs, amd suspended nmteriid, 
fre<|iiently exhilnts a brantiftti hlur rolotir wln-n srrn tn bnlk. This is 
n*gardrd as an ahstirptimi rfftad, tine to thr trntlmrv of hirer mohandar 
^»WM*gatc\s to alisorh thr long rays of light 'Fhr blorks of irr losr 
their colour upon prolongrd rxposun- to light, and more rapitily upon 
(‘xposuri* to dirr(‘t sunlight, 

CoHoidul Ic€. ' Irr ran n*iutily bt- obtainrd as an organosol by 
rapidly rooling saturatrd solutions of watrr in organir lurdm, Whiai, 
for rxnmplr, rhloroform, sutimiti*d %vit!i watrr, is rapidly rootnl to 
•- B0'* (\, tin* irt* srpnratrs out in paiiirlrs of rolloid dimensions, and 
tlu^ sol may he* passed uneliangt-d through filter paper/* 

Jl. /^/)|/,viVa/ /Vr/if7'/ir.v ttj ljtptiil IVaftr, 

Althougli wiitt*r may la* rooled below the free/.ing-point without 
rrystiiltisatiotn it is not possibh* to raise the tempera!urt* of ter, under 

^ Bawar, Prm, /%. Sm\, ilMLs, [Ah 76, a2r». iiMm K«»r«liiia>*rr niiil IhmumlU, /Iff. 
DfML phydkmL UHiT. 5 , 175 j ./. Atmr, ,SW., fiU2. 34 , MT«i; Xariwt 

and Kand, HUzmigMimr. K, Akml, Ikrlin, lain, ii|», '^47, gil'i ; bittin tiiid Cahwna 

J, Amw, (JhiM, 11)17, 39 , 2554. 

® Bridgman, Prm, Amrr, Amtl, l!il 2 , 47 , 441 ; tifmrg, t till 2 , 77 , :i'i7. 

® See lloth, ZniMth, Mkkirmhrm,^ ll)20, 26, 2HH. 

^ IL T. Bamei, Knturr, H»in. 83 , 188. Iliitimn. iM., I*i2:i, iii, LI. 

® San vcm Weimarn and Wn. OntwaliL KittlmA liio, 6 . iHi : \-mi Wriiitarn, 

J. Rum. Pkp.% Chmi. S€»f., Him, 4a, 2211. 
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ordinary prcssiin's, above 0° C. If, therefore, heat is supplied to the 
syst cau i(*e-\ai|)our, the temperature remains perfectly constant at almost 
exa(‘tly ()'' (\ until the whole of the ice has melted. As already ex- 
j)lain(‘(i (s(‘e p. 2.55), the tcm])eraturc is not exactly 0° C., for this is 
by <l(diuition the ttanpevrature at which ice melts under atmospheric 
prt‘ssurc‘, and siiu‘C‘ in(‘rease of pressure lowers the melting-point by 
O-OOTCf’ (\ pea' atmosphere, the melting-point of ice under its own 
vapour (])r(‘ssur(' ()*'b579 cm.) is +0-0076° C. During melting a con- 
t raelion oeeairs, 10-00 volumes of ice yielding 10-00 volumes of water. 


LATENT HEAT OF FUSION OF ICE. 


Heat. 


70-2 t 
70-50 

70-25 


80-00 


70-15 


not-21 

TO-HOO 

80-00 


70-<>7 
70-72 
70-01 

71^00 


70-70 

7i)'0 

7iH07 


Romarks. 


Uegnault’s n'sult corrected by 
(iuttmann. 

Mean of 17 (‘xperiments . 


X'aluc- d(‘{)ends on that assumed 
for (‘ontnution of ice on melt¬ 
ing. Buns(‘n us(‘d 0-01074 as 
d(‘tisity of ice. 

Hunst-n's n-sult r<'ealculated by 
I^ediK*. using the value 0-0176 
for tlu^ deaisity of ice. 

.loul(‘s or nuain calories, or 
(‘alori(‘s (Electrical 

nudliod, assuming 1 (lark at 
15 " ('.1-4.14 volts, and 1 
ealorit' <1-18.12 jouk'S.) 

Stnilirs H'sult r(‘calculated by 
(hitt maim. 

Smitirs result n'calculated by 
Roth for calori(‘ if>« o. 

Mean of st'V(*raI not V(‘ry eon- 
eordaut results. 

('alorie 1 .VM-. . . . • 


('alorie 


Calorie 


Authority. 


Regnault. 

Guttmann, J. Physical 
Chem,, 1907, 11, 279. 
De la Provostaye and 
Desains, Ami, Chim. 
Phys., 1843, [33], 8, 5. 
Bunsen, Pogg. Annaleii, 
1870, 141, 1. 


Ledu(‘., Conipt. rend., 1906, 

142, 46. 

A. VV. Smith, Phys. Re¬ 
view, 1903, 17, 103. 


Guttmann, loc. cit 

Roth, Zeitsch. physikal. 

Chem., 1008, 63, 441. 
Bogojawlenski, Chem. 

Zentr., 1005, ii., 945. 
Dickinson, Harper, and 
Osborne, J. Franklin. 
Inst., 1913, 176, 453. 
Dickinson and Osbornof 
J . Washington A ca d. 
ScL, 1915, 5, 338. 
Lc'duc^ Ann. Physique, 
1916, [9], 5, 5. 
('alculated. Roth, Zeitsch. 
Elektrochem., 1920, 26, 
288, 




()XY<JHX. 


2 (UI 


ir th(‘ supply of lu‘at is further stiiiht routrartitiu ensues, 

but at‘(*t)iupanit'd by rise nf teiupt-rature until .'MIK is nsu'hedy 'Idhs 
is tlu‘ puiut uf niaximum tiensity of water, further rise in teuipti’atur<‘ 
now n*sultin^' in expansion until the iHaiin^^piaut is attained. 

In tlu‘ acronipanyin^f table are given (! ) tfie dra.v//// or mass in grams 
of 1 VA\ of wnt<‘r, and (2) tht‘ sptrific volume or the \ <dume in of 
1 gram of water “at waritms teaqa-raturesd^ 

DENSITY AND SPECIFIC VOLCME OF \X\TFR 



BE’ 

rvVKKN 0 

.\N1> 100 

c. 


T«au|H'rnttire. 

■ ('. 

Drimit y. 

( truatH. 

\kthui»’, e.f. 

t 

'lVin|M'riUmi-, 

1 Hmsity. 

( inaiiH, 

Viilmiii', f.i'. 

0 

o-ooosos 

j 1-000182 

21 

0-008010 

1 (HU !>!».“» 

1 

0‘000027 

! 1-000078 


0-007707 

I -(Hl'i’JOH 

2 

(hOOOOOH 

^ 1-000082 

28 

(hOOT5(t5 



04100002 

• 1-000008 

21 

(4-007 828 

1 

|. 

1 -000000 

^ POOOOOO 

25 

(0007071 

1 (HWll.'W 

5 

0-tH)0002 

^ t-000008 

20 

0-000810 


(i 

O-OOOOOH 

1 '000082 

27 

0-000580 

i(Hm t?.'! 

7 

0-000020 

1-000071 

28 

0-000250 

1 -(HW? 

H 

0-000H7O 

1-00012 4 

20 

0005(»71 

l•(HlKH(i 

i) 

O-OOOHOH 

; P000102 

80 

0-005078 

I (HI t.'t M! 

10 

0-0!M0727 

1-000278 

85 

0-0!»4058 

l'(H):>!>7.S 1 

11 

0-OOOOB2 

1-000808 

40 

0-0022 4 

MIOTS'i j 

12 

0-000525 

; 1-000 470 

45 

0-00025 

I 'OOUS.*. 1 

IB 

O-OOOdO 1 

1 -00050(1 

50 

0*08H(t7 

!()l:'(i7 1 

Id 

0*000271 

l-00072t» 

55 

(00857 8 

lOIttK i 

15 

0-000120 

i 1-00087 4 

00 

0-0882 1 

(■()i7(»:» 1 

10 

0-008070 

* 1-001081 

05 

0-08050 

I-()l!t7» 1 

17 

O-OOHHOl 

i 1-001200 

70 

O-OTiHl 

1 -O'Jt'i'O j 

IH 

0-00HO22 

i 1-001880 

80 

0*»OTi88 

t 1 

10 

O-OOH Mi2 

^ 1-001571 

00 

lOtNklOl 

1 (HJ.’jiKJ j 

20 

0-008200 

1*001778 

100 

(005888 

! ti taia ■ 


* (hi fht^ hydregeii m’lile, n» ll»«’ U'lMibi*’ UsUfi, »»f rliii|»|nnH. 

Mhii, iiurrttH inUrnHt, i*mth rt UHri, IJ, -in ; nnd «4 *Tbiem''in Stiierl, hii4 

UieHHellturHt, AMmtuH, VhymknitHrh Ttt h, J, (IK, XiiiiierHio »»ihrr 

c!i»t<*rminH(i«nw hiwe Ims'Ii iimde ef the tiaii|K*riUMre nf ilrsisity, fh** resiilfn rrtti|*iia? 

from (Ihiltoa) tit 4‘(lH i\ Tbi* im»n' impHrUiiii »4 tlirnr ibitu iiro ; 


(hiy buiiHiie (.-boa Chim, iHtfh [2|. a, b1t»| . . , . li'Hli 

HallHtrom Uioai/rin IHIia. 34 , 2*J5a| a-il 

Depref/. fViiw. inaih i2|. 7t>» ht) , , , . , , mi 

Fkw^ (di'un f lH4a, |3f 13 . f»\'‘ lofiwbi-iiliriin, 

i*mjg, Annnirti, \Hhtn M, • « • . ' ■ . 'I Hil 

Jinib ami Pbyfitir {/Vid, tH 47 , j.'ll, 30,-III , . , . . aiCi 

Kapp (/%{/, 4 /OKiloi. IH 47 , 72, D i-m 

liwiietti iHflT. I'M. -thlI , , , , . -Mi7 

Kxner(lfiV«. AM, Hrt\ Malh. mtt., IHTII. dS, -itllU . = . , :MI.V 

Boraetti {/(«/#. I*hymi\ IHH-I. 8 , HUo) -MU 

lb (’opimt (/trtrt. ('him, /%/«.. HHKh 17 |, 28* MoX iisaiM the fin-rriny ■M*na 


® Tha MjMH'ifiii voltatir in thi* maproeal of tim ilrfitiiiy. 

Hm Lfwidolt-BhniftUha, Phymkutinfh f'ht minrhr faitriim (llrrliin I It 12. |»p* 42 441. 
The ikitt arti haiird tm tlu* iTMtilfHitf Thbiian, Helwsl* iiiitl lhr«»rlli*»f%f. inr, nl. Tln-r 
an ttbviiHW misprint, Imn* mtrm'Mth in Dinilnli'H uiblim i%t lU ^ t\ 
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The (‘xplauatiou xisiially accepted for the anomalous behaviour of 
wait er hetwi'eu O'" auul •F' C. is tliat the observed (diauge in volume is the 
algeliraic sum of two factors, namely, {a) normal expansion due to 
inereaised distainec* b(‘tw(‘(‘n the mol(‘ciiles in consequence of their 
increased ema'gy, and (/>) contraction due to de})olymerisatiou of bulky 
'' i(‘e ” moUrules into denser “ waiter '' molecules.^ 

In(*ri'aise of {>rc\ssurc‘ n^duces the teinperaitur(‘ ot nuiximum density “ : 
the t wo taclors bt'ing (‘onneeted by the expression 

t,, -- ;h08 ™ 0-0225 ip — 1), 

wluax' is tlu' lempi-raiture of maiximuni density under ai pressure of 
p aitmos[>lu‘r(‘s. 

If wait(‘r is (‘ooh‘(l Ix'low 0" (*. without solidifying, the. expauision 
wit h faill of tempm’aiture (‘ontinues, ais shown below : 


DENSITY AND SPECIFIC VOLUME OF WATER 
BETWEEN 0 AND 10 C. 


'IViujKTat urt*, ' ( 

Dousit y. 

vS|)(Hulic V'oliime. 

0 

0*00<)87 

1*00013 

1 

0*<M)970 

1*00021 


0*00070 

1 •00031 

3 

0*000a78 

1*000 42 

f 

OOOOla 

1 *00055 

5 

0*00030 

1.00070 

1 0 

0*00012 

1 •00088 

7 

0*00802 

1*00108 

■ 8 

0*008(>0 

1*00131 

0 i 

0*0081.3 

1*00157 

10 

0-00815 

1*00180 


Aei'onling to tiie fon'going daitan unit volunu' of waiter ait 0" C. 
hreomes 1*018205 volumes at 100 * (’A 

Tlie eoetliei<*nt of expansion, a, of water, with rise of tcanperaiture 
from 100 ' to 200 VJ* is given by the exjiression : 

a I i 0*00(M 08,0711/ j 0*000,003,007,8(J5/*A 

* 0*000,000,002,873,0 12/’‘^ 0*000,000,000,000,0 h5,7/h 

Between 0 amcl 20 tlu* speiahe volume V at U‘m))erature /, may be 
ealculati'd from the e([uaiti(m 

V l-COOPill 0*000,000/ 10 000,007,5/-), 


* Ht*r t'luipier X. 

2 Vtia her Wiiiib, Airhin.'i uatiantl, Sri., tH77, 12, t>7 ; Muntliall, Smitli, uud OHmeiKl, 
Winl. Antmktt, 1883, 7, 252 ; T«it, ifnd,, p. 752 ; Amagiit, CampL rend., 1893, 116, 946 ; 
1887,105,1121. 

® See Liincle1t«Bt>msti4n, opun cit., p. 44 ; ba.‘ie<l on the roHultH of Piorra, Weidnor, 
and Roaw*tti. 

* Kopp {AuHtiirH, 1H55, 93* 133) f<mn<l 1*(M3 *, IvnoiK'-rH Annalin, 1861, II4» 

4t), 1*04297 ; Bid! {Anmdui, SuppL, 1865, 4, 123). l-043l0a. 

Him, Ann. 1867, [41, 10, 32, 90. 
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OXVOKN. 


between O ' and 33 " C. by ^ 

V^=l-000132(! - 0‘46 t2T/ ; 0* ** 0535053/- (J*0.;0T81KS/» ; 0*0y5(H)2 l/^), 

and Iniween 32and 100 fnan- 

V 0*000,605 i 0*0003)05172/“ 0*0003)i)03)n ,2r,/b 

tiu* vnlmne at I * i\ bein.u tukt-n as unity.‘^ 

MendeKnvff l*nxv the runmda : 

“ I •!»('.) 1.-1 i/)(7(W-5I /) 

wliieh is elainu'd to lx* e<a*n‘et to t parts in 1003)00. 

Dissolved salts <lepress the teiapernttire <6* tin* tna\uimai tleiisUy 
of water, tlu* depr<\ssion htang dirtslly proportional to tla* eiuieentrati<in 
of the salt."’ The depression eaused by a highly ioniseil binary eleilne 
lytc, for c'xaniple, sodium i’hloride, is the stun of two imlepemhmt 
<‘ffeets, nanu‘l>\ that due to the aiud radiele. ami that dm* to the base. 
It is Urns pcKssible to eahndnte the depression eausril In stieh a salt 
if thc‘ moduli <‘onH*spondiu|r to the two i<ais niv known/* 

Tiu‘ mcdeeular volume of water ut the latilinu point ts eiven as 
18*73.’^ 

Water is slijijhtly vonipres.sihlr. 'rhis was lirst estai»hs!iet! by Canton 
in 1702, and has been eonhnned by several investtualors smee that date. 
Dwiu^ to the eX(H‘pticmal ditfuadly t>f dc*terimnine e\p<*nmental!y the 
extent of its (aunpressibility, the results idUained exlubd eoiisiderabh* 
variation. Tlu* eo(*nieitid of eiunpressibility, is ui'^en numerieatty 
l>y the ehaniife in volume itidueetl in unit Viilume li\ unit ehan)4t* in 
jm\ssure. Ihaiee 


wlu*re and are the initial and tinal volumes under a ehan*.te of 
pressure, }h 

The <*omprt‘ssihility ut i’onstunt tiunperuturt* vanes staiu'whai udh 
the degree* of pressure, hecHiming smaller ns the jiressure inereiises. 
Tlu* best results to iUustratt* this are tluise of Uiehards ami Stull,^ 
whi(*h are given cut p. 263, toget-her with data for mereury for the sake 
of eomparisom 

These* data uu*au that unit vohuue ed'the litpud at 26 C‘. uptm being 
subjt‘eied to a pressure of erne megaibar {tir 6*687 atmosphere | above its 
original pre*ssure, de‘ert*ases in volume* by the* iiimamt iiteliealed in the 
same* horizontal line* as I hut giv'ing the total pressures Thus, for 
eexample*, one litre* of waie*r at norma! pressure* woultl deerease by 
0*0600452 litre or 0*0452 eut*. if ttie pressure were raised by one lut'uabar. 

* Ht'hiieL Wk£ Anmiir'fu 47 . ■I•|U. 

Mfifcthiiwwii, J, Vhrm. IHIIli, 19 , 3a. 

** Kiire, /tine Fkmik\ Bribt4Urr, IHH6, 10 , M. 

« Meadc44«ff, Phil, Mag,, mm, 33 . IHi. 

^ laepndz, Ann. (*Mm. i*hgn,, lH:ai, 70 , 46; lM4a. 73 , riiii. 

Wright, Tmnn. /,7irw, IlUa, 113 , Uir #»bM ..ni« 

Ohim, Phy4,, 3 . 246, 268 ; nmt,, 5:i:i ; |H!II6 |,W»*l , ||«iu, 1 ji, 

178 ; 132 , 1218; liW>2, 134 , 1268; l%fm, Phy^., |h 67, Id, Itil ; ISiiU. 

17 f 376. 2 HriiiIf/ r/ii t , ISHI, IS, s 17 

* liiohiirtlii aaci Htull, 3. I'hrm, Btte., Uiul, a 6 » Illtil. 
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COMPRESSIBILITIES OF WATER AND MERCURY 

AT 20° C. 


PresHuro iti 
Megabara. ^ 

(^oiiiproasibility of 
Water. 

Compressibility of 
Mercury. 


1*52 X 10 

2-8.S X l O-'* 

100 ‘200 

1*11 X 10 ^ 

;3-82 X 10 -« 

200 :«)() 

PISXIO 

2-79X10-« 

200 -too 

PllXlO *''» 

;5-70XHr« 

1.00-500 

.TOlXlO 

2-71X10-® 


Tiu: coinpiH'Ssihilitics ol’ tlu^ luajoril v oT li(|uids at; coustaiil; pressure 
ineri‘as(* witli ris(‘ of t(‘ini)(‘raiurt‘. Water, howevea', is exee})tional in 
this n*spi‘(‘l, its eonipressihility lallin^^f with rise* of ten\|)eratiire, a 
ininiiuuiu beano* r(‘aehecl, acH'ordiu^^ to Pa^’liani and VTeentini, in the 
neighbourhood of (>0 ' C. Ae(‘ording to Tyrer,- the mininuun occurs 
at 50"’ C\ for tlu‘ isotluaanal eoni|)r(‘ssibility and at 70" C for adiabatic 
(‘onipressibility. This is usually attril)ut(‘d to tlu* diiniiiishing niuuber 
of bulky and eomprt‘ssil)h‘ “ ice molecules as the tcanperature rises 
IVoni 0” to ()() ' (‘. At tins latU‘r t.empe‘ra,tur(‘ their number is negligibly 
small, and from this point onwards water bt‘hav(‘S as a normal licpiid. 


ISOTHERMAL COMPRESSIBILITIES OF WATER AT 
VARIOUS TEMPERATURES. 


Tempt'rat ure, 

('ompr<*HHibility p(*r 
AtttumpUere. 

Authority. 

0*0 

5 ()2 ■ 

; 10 

Pagliuni and Viccnl.ini, Nuovo 

2*4 

•l.-0(! 

10 *' 

Cimento, l<S84s 16, [3|, 27; 

15*0 

•1-50 

; 10 

Ann. BeibUitter, 1884, 

4.0*3 

.i-oa • 

: 10 

8, 704. 

OM 

2-80 :• 

( 10 


00*2 

U-KOXlO f' 


77*‘l 

2-98X 10 


00*2 

t-OO X 10 ■’ 


0*0 

5*12 

: 10 

Urmtgtm and Schmtdcr, Wied. 

0*0 

4.-81 ;< 10 

Annalen, 1888, 33, O t b 

IH'O 

l-O'i , 

10 '* 


0*<t 

t*53 a; 10 

llulett, Zeilsch, phif.sikaL ChenL, 

17*0 

4*4.0 ; 

.10 •' 

1000, 33, 237. 

50*0 

4*10 

; 10 *» 

(0 100 atm()sph(‘res.) 


* Otm? ataamphere. Ona au'i^abar is wlua-t* g acettaratiou duo to gravity 

l(MMt/aHtr6, or per (*ont. <jf a kil<)graiu ihu* nep c.iu., or 98*70 iku* ccuit. of au 

atmtwplH^n'^ at saa-luval and 45'* latitado. 

'i Tyivr, Tram, Chem, 1914, io5» 2534. 
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‘itit 

ISOTHERMAL AND ADIABATIC COMBRKSSIBILITIES 
OF WATER BETWEEN 1 AND 2 A'TMOSPHERES. 
(Tvn r, I'.il l.i ‘ 


; 

I.HMth* 

nital 

Adwb 

iitir 


CnlUjHT 

obihty 

i ’nJUprrn 

ability 


|H-r AtiiD 

iHuhvr*'. 

|M*T AtlH‘ 

.H|»hrrr. 

u 

O-OTH 

10 * 

5‘'07 5 ^ 

10 “ 

lU 

I'Htn 

10 '• 

bsns 

10 *’ 

2t) 

l‘*t> t»4 

10 ’ 

1-015 

10 

:iu 

1 1-520 

10 

1-452 ^ 

10 *’ 

U) 

t-MUt 

10 • 

1:100 

10 “ 

5U 


10 ^ 

I'Otri - 

10 -• 

iU) 

b ISO 

10 ' 

1-270 ■ 

10 

70 

1-511 

10 ’ 

4-260 

10 » 

SO 

lUtMI 

Hi » 

1-270 ■ 

10 ‘ 

: 00 

1-7 in 

HI ' 

bUOa 

HI 

i 100 

bson 

10 ‘ 

b:OI5 ■ 

10 *• 


Tait‘"i\<-.s (lie rolllH\il(‘4 rviH'r^stiHi llhi fitiv tli< fiinijifi sMlilIltifN 
of water lietwi'eii (> unit I.'i t'. eati he ealeulatni Itir jire'>''Ures rauiliujl 
fritni lot) to oOt) jititmsjihrn s : 

OtlOdOlSi* Ot)(HIOOOO(H;7/>, 

wluTr \„is Ihr \ tiliuiii’ at / C . Udilt r I add \ tlir \iihuur 

td t V. imdrr a prt ssurtMif y# attuusphrrrs. 

As SI ^^lauTsi! ruli% sd|UtT«is suiutitais an- l**ss tTiHi|in"\Ntl»lr than purr 
wadrr/^ dur, pndiably, t«ia rtaiurtiiiii iu thr liiiiultrr id' ’‘irr luulrrulrs 
in tlu* prf*sriHT uf thr diss<it\rd sidt. *rhr \'a!u«" h*r sra-Uiift-r at 
(*. is H) 

Altliuu^h thr rouiprrssihihlirs idduitural wafrrs sin' thus r\rrrdm<dy 
siiudh ilirir idfrid' upun tlir ilistHbutiuu of laud aru! «iu thr rriis! 

ul ih<» rarth is iui|>urtaut, !l luis hrrii I'almlatrd that, lu rnnsri|Uriirr 
of thtMHUnprrssibility of svn wntvw thr lurau sni lr\rj is flU lr«=1 hiwrr 
tliiui il would hr if Widrr wrrr sdnolutrly uiriiuiprrssddta wifJi thf- 
r(*sult tlud t-Wo million squan* nnlrs of land an* nou niHani'fi-d iiliirh 
would olhcTwisr bt* subim'i%n'tl/’* 

Wiiirr is not usually rrganlrt! as possrsstu*.? au)- #i|»|*rrryd*lr tnisilr 
strruntlu It, howi'Viu*, pnaaiutious nvv tsikru to |irrvriit its diaiiiidn' 

* 1‘yrrr, Tritn.% (%m. AVr., 105, '^;uH ; iu|,, |io,*„ fUiUrr 441,1 lOr tiD-.r 

by yamrkis Wmi, Anmilm, ISHa. 19. -|ut j iknmu diui. tsat, p. i:ir 

^ Tint, PmiH'tiirMitf MuHrr, Ihh:$, p. HaqUa ,- 4 . 1 ; ItriffDijili nllrfw^irn Iftjfffllf I’rifiitr, 
lli47» 2I» 4i!q tllD Viilup U'lHMMI-lH f«»r tUv sit 

(thrnrtuiil |DHi|irriit»rf’ was ii*»t «|««iTfiDdi ; i'him. /♦lif/c. |S.»I. |:ii. 

31 , 4 :i 7 )pivi*r»-u:t.^ Ill no m no i r* r, j«ii niiiini;? ffHfii 

thw ti*iti|M''riiOiri‘ i>ioiitrdf4 to In • nl 5*1 (*, I'Iid i.’\D 4 riir'r. «.f tlin iiirt'oiiitifii rMiii : 
pu'SMmiity nawoni <n ?iiid -r i.*. wm ant rontirfai-d, bMwrvrr, l>v mill 

{Inf, fit,), 

3 hri‘ till* of ltuiit|4Dii ijijil ,Srhi4*'iiif-r, ll'itil, Ammlrn, iHsii, 29 , l*i*» , 

iHHi, 31* mnK I ru. ' "rrtU. I,.-, rtf. 
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IroiH varviiii^, a ayUiidneal cohuuu ot‘ water may be shown to possess 
a hi^di tcaisile str(‘n<>th. This was lirst dcmonstratc‘d by Berthclot in 
l<S5()d who almost eompletely iilled a. ^lass tube with water, leaving a 
small bubble of water-\’-apour after sealing hermetically. The whole 
was tluai warnu'd until the watc‘r, ])ossessing a, higher coellieient of 
c‘Xpansion than the glass,, eompletely iilled the tube. On cooling, the 
li(|uid eontimual to lill the tul)e, thus showing that it resisted rupture 
under viay apprc^eiahh' tcaision. The result was only cpialitative ; but 
n‘})t‘tition in a modihi'd apj)a,ratus by Dixon and Joly indicated a 
tcmsion of 7 atmos])}u‘rt‘s. lU‘sults obtaiiu'd by an caitirc^ly different 
m<‘thod led Budgc't i to eonehid(‘ tliat under sj)c‘cial conclitions the 
tc‘nsil(‘ slrtaiglh of watia* may amount to as much as (JO atmos])heres. 
At about 320 ' i\ tlu‘ UaisiU' stnaigth b(‘e.onu*s negligible - a result to be 
anticipated from its proximity toth(‘ eriti(*al |)oint (37P' C.). 

The vis(‘osity of watci' has bcaai nuiisurc'd frc‘c|uently since the 
classic rcst'arch of Poiscaiilk' *'* in IS 1.3. The most reliable data are given 
in the accoiujianviug table. 


VISCOSl l Y OF WATER IN C.G.S. UNITS. 
(Dynes ])c‘r (*m.«) 


'IVmp(*rn( un*, 

PoiH(*uillo 

(1813). 

'Ptiorpc and 
liodgor (I89 t).‘‘ 

IloHldug (1909).' 

Binghain a-ud White 
(1912).« 

0 

0-()177(J 

0*01778 

()-()17!)‘2.S 

()-()17!>7 

1 Ih 

0*01300 

()•() 13025 

0*013105 

0*01301 

•io 

0*01008 

()-()I()()l5 

0*01000 

0 01000 

30 

0*00803 

0-(>()7!t75 

o-oosoo 

()-()()7!)!)S 

to 

()*00(J53 

0(>()(iri:{5 

()-()()(ir)7 

()-o()(;5(i;i 

50 


()-()()r)l75 

()()()55()() 

()-()()5r>()() 

(JO 


O-OOKiS 

O-OOKJ!) 

()()(n.7;}r> 

70 


O-OOKXi 

()•()() i.()(i 

()-()()K)75 

SO 


oooaf)*; 

()-()o:j5(i 

()()();557() 

00 


ooo.nirw 

()-()():5i(! 

()()();JM.:{ 

100 



()-()()‘2Kl. 

(()-()()2»!>a at. !)5'') 


Poisciullc's results arc iiu‘ludcd as illustrative* of tlu* high degree of 
accuracy attained by that investigator. Ht‘twct‘n 0’ aiul 25‘" C. the 
viscosity of water may be calculated from tht* ccpiation 

0017028 

''' t 1 o wnuit I (Hmrr.m-' 

* Afut, ('him, lHr)U, 30, 2H2. 

* Dixoii laid dHly, Phii. Tmm,^ iHOa, (B|, p. 508. 

‘‘ Bad|^<*U, PftH\ Hoy, Sac.^ HMiit, jA], 86, 25. 

* Skimicr luid Kiitwintli*,HUr>, |Aj, 91, 4H1. 

Piiiwnalt*, /I/OL ('him, Phy^,, IH43, |3j, 7, 50. Si*t? also (tirard, MettL Acad. Sci., 
I8III; SprtaiiC, P^HHh Afuidif n. tH7(J. X59» t ; IFm/. Annalen^ 1883, 20,257. 

ThoriM* ami liudgiT, Phil. TratiM., IHOt, [A], 185, 307. 

^ Ihinkiiig, ./. fioi/. Sm\ Xav iSouth Wttle.% 1908, 42 , 34; 1908, 43 , 34; Phil. Mag,, 
1909, 10|, 18, 20(^ ; I90!t |0], 17. 502. 

* llingluim and \Vhit<% Zritm'h. phynikal, P/wni., HH2, 80, 084. Seo idso for critical 
diacu8»ion of viMconity racaHtmaaents, Bingham, Tmn<% (Jhem. Poe., 1913, 103, 959. 
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Thr valiU‘ fur ij ruiuaiiis ctaistant uacit r luw raU\s 

of slu*ar.^ 

Tlu‘ viscosity of su|H‘rcuoli‘tl waiter is as follows ; 

Tcni|H‘ruturc, (’. . 0 t-T 

7/ . . otmil ()‘025M) 

lncrt*asc of [ircssurc {cads tt) rcduiv the v isc'osity of water at ttaupera- 
turi's below :^tr la this respect waitta* differs from mt^si litpiids that 

luivt* hecai cxaaiiaiah as these heeouie more \ iseous under iaen'iistal 
pressure. No doubt the exphmatiou lu*s in llu* tendeuey of t h<’ hi^dier 
prt'ssures to naiuei' the periaaitaijfe of bulky aiad \iset»us ice nudet*uit*s. 

Th(‘ vapour jftrs.siur <»f water rises with the temperature, as is 
evident from tla* following thilai,'* whicdi i{i\v the tension in millimetres 
of mercury : 


VAPOUR PRESSURE OF W A FER BEIAVEEN 
15 AND d 70 ih 
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Tile vapcHir pressure i»f water bet wtnai o ' and i\ may be eahailated 
with great exactness by means of 'l*hit*ssi’n\ formula : ** 

(i p!7Am 5'toid/ urn) ih:m ■■ in /d 


^ A* lUld ’Uritlitlw* Vm\ VhtjH. Sm\ jj, XIL 

- White tnal Twiaian, Amtt\ vhrm, |*ua. :isn" 

Hiniiien Ihmy^n Ah mtirn, HHfl. 5 , aiiT. 

* -irr' t»» cr r. fHrWl nwi |*in!i. m, ^9.72:11, 

to m.r* C, CHehed tuici llea»s lm\ rg.. IMUk f-tl, Tlfij, ,70 f,» r. iiinl 

Haanifig, ibiiL, tlKW, |4|, 26 . WM), m} ’ t*» IMO V. (Ih»lh»ra inei lUmumih Ami,, pilo. M}. 
31 , 045). A feraiahi it|i|»lvii}g tt'tfh iirrtinirv kaio'iai 0 iirpl ao C‘. 

m given by Hahrtaiwr, Pkt0iM, Znlnrh,, UUii, f, 2 l, Sw hU, Ilriiiirtli* Xmw.i 
1017 . fe'k 14. ii.. 55 . 

^ dttifi. ftri.’ IIS giviii t»y the initliMe* in |i#«r rin, o fills 

atittosphiats 

« Thiewai, WmL An/mkn, imilh 67 . vm ; In* 'Srhml .m*! Im-. nf. 

Miiny other formtdit? hiivt* l»f‘en Maggested, 
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PHYSICAL PROPERTIES OF WATl^.R, 

IVl(‘ntion has already l>een made (}). 250) o! thc‘ 1‘a.et that when the 
ttanperaiurt' of pure i(*e is ^u’adually raised uudca' the ordinary atmo- 
spheri<‘ pressures meltiujii' always takes place exactly at O'" C. The 
eouveu'se, however, is not enpially true. 

ir watt‘r is cook'd, solidiheation may not occur immediately a 
ie‘mpc‘ratur(‘ of O ' V. is n'ached. Under suital)le conditions it is possible 
to rediK'c tlu' tc'mj)t‘ral;urt‘ inauy ck'^recs below 0*^ without ireezing 
takino' place, (‘vc'u at atmos})lu‘ric })rcssures. 

Tins was lirsl observed by Fahrenheit, who, in 1721, succeeded in 
ceyolin^' wate'r in cleaned tube's de)wn to 15'' F. C^) without 

solidilic'ation.^ (iay Lussae*. cook'd water denvn to 12^^ C., the liepiid 
ce)nditie)n be*in<j;‘ maintaiiu'el until a IVa.o'ment e)!’ solid ice was adde*d. 
The surhuH' ot the' water was e*ove‘re‘d with e)il to prt'x e'ul eontaniination 
with dust. 

Dalton “ stateel that 

If the' wate'r be ke'pt still, and llu' e*old he' ne)t se'Ve're, it may be 
(H>e)k'd in lar^e' epiantitie's le) 25 ’ e)r be‘le)W, withe)ut IVe'e'zin;^* ; it the' water 
Ih' (HinliiU'd in t lit' bulb of a t he'rmonu'ter, it is \’e‘ry elithcult to freeze it 
by any (‘old mixture' above' 15 ' of the' old scale'; but it is e'tiually dilhcult 
to cool the' wate'r much be'leiw that te'mjK'rature' without its rree'ziu^. 
1 have' obtaiiU'd it as low as 7” en* 8", and gradually he'att'd it a|,uuu 
without any part of it be'in<r froze'u.'' 

Dalton also knt'W that 

'*■ When wate'r is cooled be'low frt't'zin^f and (‘on^e'lation sudek'nly 
lakes tilae't', t he* te‘mpe*rature' rise's instantly to 82".'" 

i\tpUlanj IVatcr. Sorby ^ pointe'd out that wate'r ke^pt in ^dass 
tubes of diamete'r ranj^in^r from 0*025 to 0*25 inch may e/asily be (Hiok'd 
to 5’ V, without couffe'lution, e'Ve'U when the' tube* is shaken. By 
ki'cpin^^ t h(' tube* epue't an e'Ve'n Ie>wer temperature may be obtaiiU'd, as 
has b(*en meidioue'd abo\'e‘. 

Wdu'ii e'ontaine'd in capillary lube's, water offe'rs ve'ry ^re'ut resistaneu' 
to frce'zin<^, unk'ss it is in (*onla<*t with ice. Thus Sorby found that no 
e'on^a'lation took phu'c, e'vcn upon shaking, wlu'ii wate'r was cook'd to 

15“ V. in i^dass IiUh's of diameter 0*008 to 0*005 inch. The' t(‘m})e'rature' 
could eve'll be* rt'diu'e'd t.o ItU C. if the tube's were' ke'pt ve'ry epue't, 
alt hou^di at 17 ' i\ tlu' water froze* imme*diate*ly. In a tube of eliame'ter 
approximate'ly 0*01 ine'h the* water froze at 18“ (b ()ut not at - 11“ C. 
In ('ontae’t with ice*, howe've'r, wate'r freH'Ze'S re*adily in eaipillary tube's, 
and ici' thaws ns usual at 0“ V, wlu'u in tube's in which water will not 
(‘on|ft‘id in the absene’c of the solid phase above* 10" (b 

Miilk'r'Thur^rau ^ state's that lilte'i* paper moistene'd with distilled 
wate'r freezt'S at 0*1 tb, whilst a <'lay sphere*, under similar conditions, 
has been found to freeze* at 0-7 (b‘* 'riu'se obse*rvations refe'r to the; 
aedual frc'e'zin^-points unek*r the* e'onditions nanu'd, and are epiite* apart 
from supereoolini^^ (*ffe(*ts, which, as shown above*, may be extenek'd to 
much lowe*r temperatures.*^ 

• Kiehn*«litnt, l*hiL '/'mw.*#., 172-1, 39 , 78. Si*e iiIho Tellu'r, ('onipt. irttd., 1872, 75 , r> 0 tl. 

Haltoij, /I XriP Si/Htejtm t^f (dirmifUtl PhilfiMop/itf [ijondini^ 1808), Part. 1., p. 125, Thc^ 

tein|M'ratiireH are tlMjsf* on tin* Fahrraluat nimle*. 

•» Se»rly. /7ii7. Maj.. IH50, \4"l xB, 105. 

* MiiDi'rHiuruioi, Lunidu'irtmdiaft, 1880, 9 , 170. 

•’ Biit’hiiH'ljt’W, ZeitHch. IHOO, 66 , 584. 

** Hre* fur further diita Fu<»ti* aial Saxluii, ./. .4;/ar, (Ihvni. *S'w., 11)17, 39 * 8-7 ; 11)10, 

18. ssa 
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Tlu* prfstiUH' iA' ihii'ly parUt’lt s ul’ st^Uil aiatrrials, siu^h as 

tVrria hyilruxidr, ahuuitia, rausrs au apjiriaaahlr dt’prrNsioii <»t‘ tlu* 
frcczing-painid 

A (‘onvi’iiitiit niftbtHl i)i' tHHjImij uatrr lu-iou n ianisists in pw- 
paring a inixturt* of ahita'afnmi and <4ivf tiil in suah pr«>pia1iou\ that llu* 
prcxlual has thr saiiu* driisify as uatrr. Unips of uatrr stispradt-d in 
this mixturr may In* (‘ti(4<'d <io\\a to \rry law totuprrafuros (f. 20 ('.) 

without friH'74n,2- ^>ua!t watrr is ivvnwd suptiYtHiiai ar MiiHi’Jn^srd, and 
is stuhh* tmly so lun^^ as tlir stiliil phast* is ahst-id, It is thorrforo said 
to ht' nitiii-siahit. I'la* usdrr \\ill tisually st»hdtf\ numotiiataiy upon 
exposure* t(» air or dust, or ou tla- iutroiiueti<»u of soim- forri^ii material. 
Ev(‘U the a(*t of seratehing t!u* inside ^vall i»f the enntamine \ esse! \vi!l 
sutliei* tt) iudm*e e*rystullisatioti. If the superi'oolmn is earrn cl heytaid 
a certain amount, soliditleat ion takes plaei' sptmtanetatsly wit head the 
iuirodtudiou of tlu* solid phase or foreieu material. In edtier i*usi- the 
ttauperature* rises tt) 0 and reaunius th»“re mdd sohdilieatimt is 
etauple'tes 

The vt'Ioeities t>f erystalhsatiou of supeieoolid watt r, as drteraumd 
iu a tube I nu-tre in lenelh and CUT em. m dtameler, ami expresse'd as 
eius, pia* minute, are eiven iti ttie aee’onipunyme table." 


VELOCITY OF 

CRYSTALLISATION OF 
WATER. 

SUFERCOOLKl) 

Ti'iaiH'mlnns ' t\ \ 

rlovit V, I'las. ana. 

IVaa|»'tsn ujr. 

1 \ \ ••lui It \ . rill 1 , mill. 
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‘JtiC'T 1 
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T‘ad 

1 

i'(i7 ; 

Tt't 

h- in 

i 

B-m ; 

lUTl 

H-tiH 

7n}'» ! 

(MH ; 

i 

U 1*7 

iHtl 

1 

1 

i 

Tlie maximum 

veioeity of erystallisat mu « 

iwideutl)' ties tnlow 


- IU07'* but, owing to spiadaneous soliddieidmii of I la* wider, d w'lis 
not fouml jH>ssibh‘ to make determinidions ui lower temperatures. 

It is iideresting to note tliid whereas iee produeeil with a eooling 
tiiupendure within om* or twa» tiegrees t*f the meltme.-.|tniid js usmdly 
elear» the [uaxhicd' tditaimil with stronger eooling is milky in aftprariiHer 
on aeeouid of I lie inelusion of minute Imbliles of air winch was prr\iiiiis!y 
in solidiom 

The vapour pressure of superecMilril water is always gO'iifer Ilian 
iliat of iee at the same tiiuperatuns'* Hiis is i-videni IVoiii the data in 
the tiible.^ 

^ F. W. Parker, J. Amer, (Jlwm, SW*., UlJl, hUt. 

* WalUm anil .fuilil J. Phimatl 11*1-I» |8* 72‘4. 

^ lUutWiiy funl Y«»«n|4. /Vi«\ ,SV«*„ iHst. ^6. 11*!* 

* Sfhri*l nail lleiwts J«#i. lium, 1-11, m, IT.l .U-.-t Juklm. Sr, «4ri 

.U'lfi/, iWI., imil, 17 , L, aH. 
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VAPOUR PRESSURE OF SUPERCOOLED WATER. 



X'apour Pre'Hsuro in nun. Hg. 

'r(unp(‘ratur<'. 



le^e*. 

Water. 


0 

l.*57t) 

t*579 

2 

:P8<S5 

;b95S 

t 

;P2<S8 

;Mds 

0 

2*77(> 

2-91.2 
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2*525 

10 

1 *90:^ 

2*1()(> 

12 

1 -on. 

l-Slu'i 

1 1. 

1 *270 

l-5()8 

10 

1 *250 

1 *.281 


This is shown ^raplucnilly in hjjf. -hi*, tlu‘ broken line indicating the 
vaponr pn^ssun* of t lu‘ supt‘r(‘ool(‘(l watca*, and the eontinuons lines the 
pn'ssuH's of Tupiid vvat(‘r above* 0“ C, 
and of i<‘e I b(‘low () ' C. As alrc'ady 
explained, in tlu* abs(‘ne(‘ of air and 
in pn‘s<‘n(‘e of wat.(‘r-vapo\u' only, T 
re})ri*sents a triple* point, and lies at 
1 0*007(r’ ('. A slight bre'ak occurs at 
l'b(*l ween (‘urve'S I/l' and TS, but TC 
is a continuation of LT. 

It will now be* evide'ul why TC. 
r<*pr(*scnts a ineta-stabh* condition of 
water. If a pi(*ce of ice* is introdu(*ed 
into tlu* saitu* clos(‘d vessel, the* vapour 
is supersaturated with regard to the 
ic(\ and a portion coneh'nses. Hut this 
Icsids to a vapour unsateiratcd with 
respect to tlu* stip(*rcool(‘d Ii<|uid, 
whi(*h, in esarseepU'Uee*, vaporises to a 
corresponding amount. This <*ond(*nsalion on the* ice* and vaporisation 
of the* liepiid continues until the whole of the* luttc'r has disappear(‘d, 
leaving only ic’c and vajjour. 

\Vat<*r Is generally regarded as a i)oor conductor of heat, although, 
compared with other noii-metallie liepiids, its coi\du(‘tivity is high. The 
thermal eanduvtivUif, K, is de(iiu*d as the* numbe*!* e)f units of heat (gram 
eale>nc*s) whie^h will jaiss by e*e)tulue*tion ae*re>ss unit ar(‘a (sq. em.) in 
unit time* (seeeaiel) with unit te*mpeniture graelie*nt (U C'. per cm.), 
'riu* following vahu‘s lea* K have* been e>btaine‘ei (p. 270). 

The* value* fea* K at any te‘mi)e‘rat ure be‘twe*e‘n 7* t ’ anel 72*0'^ C. may be 
cale*ulatc*el frean the e‘e|UHtieai ^ 

K 0*001:125(1 bO*0020Ht/). 

* .laktib, lot\ cit 



TEMPERATURE "C 


Kiel. 44.—Vapour preiHsure^ of Huper- 
cooI(‘(l water. 
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thb:rmal coNDUCTivrrY of 


3VMn}K‘ru( lire, 
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K. 

An!Ie<tif> . 

0 

0-001325 

Jakeb, Alia. Phi^sik. 1020, 63, 537. 

0 

0-00150 

(#oUisehmhlt. i^hifsikai, Zei'He/i., lOIl, 



12, tn. 

0 to 3 f. 1 

0-00131 

■ H. \\*eber. iaa. Phiisik, Poo3, H, |0|7. ! 

11 

()-00l 47 

bi'i's, /V*ie. iotip SiH',, 1005. 7*1, 337. 

20 

0-00113 

.Milner and ('haftia’k, bsoti 



4H, Uh ' \ 

25 j 

0*00130 

, la-i*s, liH'. rtf. 1 


This poor coruliH’tiv ity niaoitVsfn! In nafrr plivs an unportunt 
part in natur(‘\s ot‘ononiit‘s, 

Livin^^stoiU'^ nuiitions that tlir frin|irrnturr of tho surfari’ wntrr 
of ponds in tiu* C(‘nlral rfjjfions fTSoutiii-rn Afnoa luuy n iirli h\ hn^h as 
38 ^'^ C., but, o\vin| 2 f to tlu* poor condtiotivit \ of hmU “ drlirnanly i*ool 
water may 1 h‘ obtaiiusl by anyoiO’ waikim* into tbi imditlr and lift ini' 
up the watt‘r from t he !H»t(cnn." 

A study of th(‘ .v/a’f(//r hmi t»f nator partieularly import ant» sinee 
the unit of lu‘at or gram tuttfait is the annamt of Inal mpnreif to raise 
1. ^^mim of watt*r tlirou^di f. tleyre*- eeutinrade'. Si»nietnnes the ifram 
ealorit‘ at 15' ('. ((*alorie 15 C\) is ehoseii, sonntniMs that at (*. 
(ealori(‘ 2()‘^ Ch)^ whilst at other times the mean udue betumi n ami 
100^’ V. is adopti'd. Tlu‘st' units an m»t nlentieah i»ul tin \ anal ion is 
small. As water, owiujK partly to its itbtmdunee, and partly also to tiu' 
ease with whi(di it ean in* obtained in n pitn^ eiimhtmm tin stamlnrd 
substanee for the nu^asnrennmf of heat <|iiantities. d is mi|>ortanl to 
determine with the utmost iietmniey the variation of its spi eihe heat 
with the tempiTatun*. Numerous invt*sti.|ations have bn n earned out 
with this object in vimv, very reliabh.* data bi-in^t those of t allemhn* 
and Barnes/* Aeeordin^^ to i*uilendei% tlie speeilie heal of uabi% 
in t(‘rms of the enlorie at 2<b is given hv the e\pri ssnm 

■0'<)H5B0 1 (n5<)k/{/ I 20 ) ; n-mmmit ^ nmmmimii' 

for any temperature }>etwei*n / 0 and/ 100 t. 

Aeeordmg to Xarbutt, the' speeifie hnd of watt r for a t*iiiprralnre 
range of 0 to 100 (■. may be eah*uliit*’d Iftiin fhe lollowiiiv i'liiiiirieal 
formula ; 


Speeihe heat 1*00733 0*t)00TI!0(/ 


151 ^ mooililHIM 1511 

0 'OOIIOflOO!l 55 ‘ill 151 '* 


* Karliar data are of laaidntiist, Amhifl i^umia, IsiMi, pi' || p 
Wml Annahn. IBHO, xo, 103 ; IHHO, xn 34 r>; UniH/. m. f1,rr.. iViir! 

Rm/. Noe., 1888 , 43, 30 ; WiwltHimith, irm/, U/oialni, 1803 , 48. Urn 
^ Livingsioncs Mimumary fmntniWMii p. lUl 

® Mepder, Phil Tram,. 1012 , |A 1 , ait, 1 ; Pr.^, Hm,, |!i|y |Al. »A. .Ml; 
Bamag, Ph%L Tram., 0 ) 02 , [A], 199, 140 , 

^ Narbutt, PhymkaL ZrifMrh,. IIU8, 19, 513 . 
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\vhic‘h ‘.nvc's vahu‘s in vtn-y dose agreemeut with tliQ. best experimental 
(lata. 

Tiu‘ spcrilie Iu‘at of waUn* is ahuornmlly hi^h, and this fact has an 
(‘Hnnunus iulhuauH* upon elinuite and ^eolo^rical phenomena. Liquid 
amnionia is tli(‘ only li(}ui(l possc'ssin^ a. hi<^iier specific heat. 

In t h(‘ tollowino' tabU' ar(‘ t he data obtained by OalUnder and Barnes: ^ 


SPECIFIC HEAT OF WATER.^ 


3Vmp«'raiim\ 

•' V. 

SptHutic. 

'rt'inpe ratlins 

" i\ 

8pt5cilic 

Hoat. 

Temperature, 

a. 

Specific 

Heat. 

0 

1-0004. 

15 

1*0011 

30 

0*9987 

1 

1 *0085 

10 

1 -oooo 

35 

0*9983 

»> 

1*0070 

17 

1*0007 

10 

0*9982 

n 

1 -OOtlH 

18 

1•()()() I 

15 

0*9984 

A 

1*0000 

19 

1 -OOO'i 

50 

0-9987 

5 

l’005l« 

20 

1 0000 

55 

0*9993 

() 

I •()()i.S 

21 

0*9999 

00 

1 0000 

7 

1 •<)() t.2 

22 

0*9997 

05 

1*0008 

8 

1 -OO.-iT 

20 

0*9995 

70 

1*0016 

0 

1 -OO.'W 

24. 

0-999I. 

75 

10()21 

to 

1 •<)()‘27 

25 

0*9992 

80 

1 0033 

1 1 

1 ■()()•-';{ 

20 

0*9991 

85 

1*0013 

12 

1 1 -OO'iO 

27 

0*999() 

90 

1()053 

in 

j 1-()()17 

28 

0*9989 

95 

1*0()()3 

14 

i I (Hill. 

1 

29 

0*9988 

100 

1*0071 


It will be observed that tlu' ^ram (ailorii* at 20"' C. (‘quals that at 
(JO whilst the niean value b(‘tw<*(‘n 0" and 100” C-. is I-OOIO. A 
niiniimnn vahu' oi'ciirs at 1-0 ' This lluetuation in siKeifie heat at 
different teni|)eratur(’s is usually attribuOsl to tlie influence of de- 
imlyinerisatiou as the teiuperatun* rises (se(‘ p. 29()). For supercooled 
water at a ' V. tlu* value l-OIoH for tin* spieific* h(‘at has bc'C'U obtained 
in tca'tns of the calorie at 10 VJ 

As the (‘alorie is iiuaaiveniently small for som(‘ purpos(‘s, a. larg(W 
unit, the Calorie, is stauetiines used e(|ual to 1000 smaller (‘alorievs, the 
terms Inan^ frecpuaitly abbreviat<*d into (’ul.' and Cals. ’ respectively ; 
oeeasionally a unit e(|ual to 100 ealori<‘.s and (i(‘serib(‘d as a Kalorie 
(Kal. or K.) is used. 

* For dinn lijirUli luid StiwtlalH. HvihlnUei\ I891» 15 . 7(JI ; I89.*t I7) (142, 

(13H, m.lH 1 UrillithH. Phil. Trtum,, 1893, 184 . 331 ; Proc. Hoy, Hoc., 1897, 6 l, 479; Phil. 
Mm„ 1893 , i 3 |. 40 . 431 ; Proc. Amn\ Arad.. 1879, 15 , 75 ; W. R. Bousludd and 

\V. K. Bniwlield./7id. Trtufi,. 19! 1,1A j, 2 I I. 199; Pror. Hoy. Hoc.. 1911,85,392. Karlu^r 
data fin* tlmw* «*f lh*nrirlii«*n, Wird. Aanalnt. 1879, 8 , 83 ; Pfauudlc‘r, ihuL. 1880, li, 237 ; 
Mimrldiauwai and Wullner, ihid.. 1877, I, 59*2. A nstalculaticni, (vf R(‘gnaidt’H data is 
l^iven t)V UuillifcunH*. e'ewpe rrw#/., 1912. 154 , 1483. . * 

» Takrn fmm Vo}. I., p. 87. A{HH»rdinK to diigor and von Steinwehr [httzumjsber. 
PreUM. Akad. Ifw#. IMin. 1915, p. 4-24), tht^ minimum ocanirH at 33-5‘^ C. 

* Barnes an«l C’ookis l*hyn, Hnitw. HM)2, 1 $. 65, 




272 


iiWilKS. 


The lu‘at of foniiatiou of water tVoin •rast uUN livilnn^rn aiu! iiwtfrn 
at 18° Ch is ()cS*3<S ('nIorit‘s 15 ‘ VJ 

The surfacr tvNslon of wati'i\ like tliat of alt tliuuitishrs with 

rise of tem])(Tal.ure. A rt^aily inetlunl of iUuNt rat unr t hiN rousisK in pour¬ 
ing water into a, sliuHow, clean metal plate hehi h«»n/.oiitally until n thin 
layer is formed. Thesurl'ai'e is now dusted er \Mtli flowers of sulphur, 
and heat a])pli(‘d loc*aIly to a point near tin* is utre iif the under surfaee 
of the plat(‘ by means of a tine gas jet. As soon as tlie la at reaehes the 
water, the sulpliur is rapidly pulletl away ttovartls the eireimifereuei’ 
of the plate in eonsispaaiee of the reduetnm m tia surt'aer tension 
the warmed ecmtral litjuid.- 

The surfaca* tiaision at at / ('.is praetieal!) a tnaar fmaiion of the 

temperature, and may he ealeulated aeetirding the eipiatiou 

at u,dl nil . . . . . {!) 

where do is th(‘ surfaee tension at 0 ('. and n is a const ant. 

The value for a iu flu* laise of watt r has lieen repeatedly drterminetl 
as follows : 


a. 


Attihiaif y 


()*()019 

()-()()lcS 

O'OOIH 

()-()()18 

()()()22 

0‘()()2:i 

()- 0()21 

()‘()() 2 () 

0 '() 02 <) 


llrumua*, Jtumita, IMT, 70» Isl. 

Krankenh<‘inu IHtT, ITi. 

W’oir, JtifL (Itinu l»H5T. |ll|, 49, 2P*y 

Volkmann, IVltd. Annaltit, 17, Uoth 

Timberg, //uVh, IHH7, A(l* 517*. 

d’ix\lvv,SUzun^Awf\ K. Akud. Il'issAUfit IHUl. 1(HI,2I5. 
Cantor, Ulrd, Anutdrih tH!i2, 47, 

Humphreys and Mtdder. /*/#?/>■, Itri iru\ iHUa. J, 

Staitis, J. PhtishfHi\ iHttT, fJlj. I#, ls,1. 


A mean vahu‘ of 0*9029 is probably fiiirly aernride. lAireh ^ suggests 
the equation 

at- a^ {I 0*0OltMH7O/ O’OOOOiri 

Ut lor watiU’ has btaai dt'Uuauined in a of by different 

investigators, the results ranging from 70-0 to 7 h <lvnrs ner ein at 

900 Q . I » 

The results ohtiuued hy Humsuv ntiii Shu liK ‘ m ilu jc Hutsical 
research in which water was in enntnel with its vanotir and flu walk .if 
the capillary tube only, an* given on p, 27^1, 

Whilst the loregoiiiK results are r<-lultvi-l> enrri-i't, it npinars ulnuist. 
certain that their absolute values are all sonuwhat tiai Ii»w. Tin- m« t tuKi 
adopted by Ramsay and Voun}» eoiisisteil in nu iisiirinK the iliffereitee 
in level between water in a eapillary IuIk- (»|H n at Imth ends and sits. 


1 

2 

a 

4 


Roth, ZeiUch. Mlektmchm., H 12 U, a6, 2HH. 

Thomson «/ Malht ({•hii*. i jriili,, A 

torch, Ann. Phyaik, 1005 , 17, •jm. 

Ramsay and Shields, ZeiUte-h. phyxiLat. ('hem,, twit. ,3. 433. 


UHi 7 j, ji ni:J. 
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pciulccl ill a \vi(l(‘r <»iass tulie. Richards and Coombs/ however, have 
shown Hull: llie clianuTer ol'the wider tube must be considerably greater 
tlian has hitlua’to beiai realised if the disturbing* inlluence of the walls 
is to bt‘ nc\gle(*tc‘d. Thus, in a tube* of dia,meter 2'54< cms. the water 
was found to li(‘ O-ll mm. above that in one of 3-8 mm. diameter. 
FiX})c‘rinu'nts shower I that this latter is about the limiting* diameter, 
tlu* elTeet of the* surface* t(*nsion under these conditions being reduced 
well b(‘low I hat of tin* otlua* errors of experiment. 


r(‘ni|)(‘nit ur<*, " (*. 

(Ti, d viuss/cm. 

rr, {Mr)l 

X X M. 

0 

73-21 

502-0 

3-81 X 18 

10 

71'Of 

.tOt-2 

3-()8 

20 

70-00 

tS5-3 

3-55 

30 

00-10 

t70-l 

3-.bt 

•to 

07-50 

tOO-3 

3-18 

00 

01.-27 

tt(;-2 

3-00 

so 

t;o-8i. 

1.25-3 

2-83 

100 

57 • 15 

t03-5 

2-00 

120 

53-30 

380-7 

2-t7 

1 to 

to-12 

357-0 

2-32 


Taking this and several ollu‘r possil)l(‘ sources of c*rror into con- 
sidta’ulion, tlu* nu'un value for the surfa(*e tension of waten* was de¬ 
termined t'xperimentally as i‘([ual lo 72*()2 dyiu*s ])(‘r (‘in. at 2()*()()“ Ck 
As a geiu‘nd ruh*, tlu* pr(‘S(*n(‘c of dissolvcxl inorganic salts enhances 
the vahu* in ai'eordanei* with tlu* simph* matlu‘mati(‘al ex])ri‘Ssion 

1 Rn 

wlu*n‘ (Tf, is the surfaei* tension of Hu* solution, rr,,, that of water at 
tlu* sanu* tt‘mpt‘ratur(*, a the number of gram (*(|uival(*nts of the salt 
[K*r litn*, and 11 a (‘onslant, depending upon tlu* eiu‘mi(‘al nature of the 
dissolved salt. For the uud(‘rnu‘ntion(‘d salts, R has the following 
valiu*s : 


Suit. 

11. 

N'tiCl 

1-53 

KC'l 

1-71 

■ Xti. 

2-00 

1 ■ K/'o; 

1-77 

.‘•ZiiSO, 

1-80 




Organic salts, on the othc*r hand, frequently leduee tlie surface tension 
of the solutiorn The oleates are (*as(*s in point. 

* Ru?hiintH inui CooinhH, J, Anitr. Chtm. Soc.^ 1915, 37 , I65(t 
Dewey, liilL Mmj,, IB97, 44 , 309. 
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Most olIuT litpiiiis. exer[d mereury, liave a 
than watt*r. This is illustrated In the bdluwinM 

lowr-r 
data : 

surfaee 

tension 

... . i’urh^^u Kfhv! 

M.-.vurv. Wat.T, 

Kfhrr, 

Uliu- 

oil 

Uril/rliis 

Surface ttuiHinu . 547 T 2 ‘il .aiMI 22 -u 

nv;» 

:i 2 

2 !t -2 

Tfiupemturc, '‘i'. . i 7'5 2 a 1114 2 t* 

2 a 

2 a 

17 ■ 7 i 

Dissoivtsi gasi's teial tt> raisi* the surfats* P 

■nsiun. 

'rile fi»l!u-\viiig 

values obtained at la (*. illustrati this : ^ 




1.1 v.lrli... Hvli'-WIi. NUi-K. I,, 

1 arfMit 
tIuOiUr, 

Air. 

Surface teus^iuu . . 7 l''i 72 'H:i 7 ;u«» 7 

:i 4 Hi 

72 'H 5 

7 ;i -1 


Water is an cxeelleat sahnii, disMth-11114 nut tmly laniiy ari<is» tiiisrs* 
and salts, hnt alsn many ur|4ame eunipuniuts. rs|a rinlly sneh as euntain 
hydroxyl and aiiitiue|4n>u|»s. 'riiu sithihilily uf snlids and lir|nids 
genrraliy iinavast'S witti risi* in Imipia’af urr, nlidsi »fasr^\, id! uf mliirh 
arc' stdtthlf in \vi|ter ti> stnnr c'xirnt, nr«- unaiiahly Irss \ulul 4 r at Iiii^hrr 
teinperainres. The preseuta* td dtsv»Kfd sulnls nitisi-s n tiepri-ssinn 
of the frrr*/4n«4“ atal inrltin^^-puint uf wnit v tu an ainutnit |irupuiiiiaiid 
to tin* eont‘r!dratitai. This is kinnvn as llhn^tlnis {dni\ aia! is iinly trtie 
proviiical tlu' stdntiuns air<’ tiiiutr. Tin * \trn! uf thr dr|jrrssiun ft>r 
nndonisc'd snhstaners in diluti* st»lntiu}i is siadi that prupurtinnately 
oiu* nndecaitar weiidd t 4 ‘ the sulut*' in loo ’grains **f water wtadd 

eausi* a depression e 4 ' IH -5 i\ the miilri’Hlnrdri*rfs:sh*rn'^ 

The rUTniinH <d' the hialinn p*aid js ealenlatefl in a sonilar 

manner, and has the \ jdne fe*i i\ 

The dic*!e«^trie eeaistant of uatia* is HOT at the tirdinary temperatnree^ 
This value is a high one when eompared with fin sann* eoiislant for 
otlier lit|uids and it is |>rohahly tai aeeoind uf its eunsnleralile dieleetrie 
p<nver that solutions i»f hasi-s. uents, and salts in water tain eundmd the 
eleetrie eurnait, tliis eontlueliun being tlejimdent on the ejeefrulytie 
dissoeiatitiu ed'the solute. In at|UeouH sidulnin. laovever, stmie orgimie 
substanees are partly axstH'iuirti to tiuuhle eir even more emiiplex 
moleeules/ 

Ihirified wait-r titles not appreeiatdy eeinduet the fleetrte eiirreiit, 
ui> that the eomlue'tivity t>f a sample tif water enn be used as an intliration 
of freedom from saline inijairilies.^ 

The ptirest ■water tiitherto obtained possessetl an r!e«i,rn*id eoio 
duetivity tif 0*04 .e 10 *** mtms at IH' t he iiieri”asr in the viiliie with rise 
of temperature iHaiig represetdtal by a eoeltaarnl of irdirnlg per ilegre'e. 
Tins eoeflk‘ient only holds btr wider td a liigli tlrgree of jiiirity. stieh 
as has not even been exptist'd to the atim»s|4ierej la'-ratise s!i||}it 
purities haven relidlvely iiieirrtiiiide effet*i on theisindtudii'iiy aiid possess 
a uuieli lower eotdlieient of inereasi* with ltuiip«-ratiire, lyiiiirly, of the 
order of 0*021. Fiire water, therefort% prtihitbly possesses u very slight 

^ Blmtaiigur, J. i^ysirai (Jhrm., Ui'JttK ^4. 7 III fil Fmimdlieli* MuMlkiftkmm 

{ U4|mig, 111001, p. 85. 

» S€» tllli icwa, Veil. L, |t. 122. H*4li (KriM, nmh 34 2hHj ?illgi 4 e {44 

ISilO ftS tki viilias ^ Prtiil*s IWI 7 . 23*' 2 tl 7 . 

* Sift Ikdtlle ftnd Tiinirr, Tmtu, dhtm. ifUl, tina. 

® DoroteliiWiky Attfi lHsirihAi-tt.*ebik* Hum, i %rm. i|ii:i 45. I 4 «lf 

^ ® Kalilrawsrh md Heyiiweiller, Isai, 14, ai* ; iiultiriitiwdi, 

thid.^ Ii02, 43 , liS. tel uliii Ileytiweiller, Am%. Ph^mk, aS. 

^ tel Kiiiicitih •/. Amur,, Chtm. «Vpr., lllHl 38 , 
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but (k‘rinit(‘ {‘i(‘clri(‘al concluctix'it.y which is to be attributed to the 
i‘xistc‘n<*c‘ (>r a inimite proportion of tlie watca' in an ionised or (‘leetro- 
iytit‘ally diss<)(*iatt‘d (‘omlition, that is as 11- (positive^) and OIF (ne^^’ative) 
ions. As tlu‘ (‘onductivity due to the <frani-e{iuivalent weight of these 
ions in a d(‘iitut(‘ vohnnc‘ <*an he ealeulated from tiu' ('h‘etri<*ai (‘onduetivity 
of acids and alkalies r(‘spc‘cl i\(dy in dilute solution, it is possibl(‘ tocwaluate 
tlu‘ proportion of pure water wliicdi is ionistal at a. (h'iinite tenipcTaturcs. 
tlu‘ result, is <>•;$ < 10 grains pin* e.(*, at ()'\ t}u‘ eorr(‘sponding dissoeia- 
tion (‘onstant at IS" Ix'iug O-S v 10 Tlu‘ jirobabilily of the <‘orr(‘etiu‘ss 
of this reasoning is liorne out by tlu‘ approximate agre(‘nuiit of tiu' above' 
vahu‘ for tlu^ (vxti'nt of dissoeiation with value's obtaiiu'd by (piite 
difft*rt‘ut ]>hysi(‘o-elu‘mieal nudhods, siudi as the hydrolytic acdJon of 
water on ammonium ac(‘tatc, (ded In the })res(‘ncc of dissolved elecdro- 
lyt(*s tlu' dissociation of watiT is still furtlu'r d(‘[)ress(‘(l.“ The (deetrical 
{'onduetivity of solutions of wat(‘r in other solvc'uts btavrs no simple* 
rtdation to that of t lu* purt* Ii<|ni<b and, indt‘(‘d, varit's widc'ly ae(H>rding 
t<i tlu‘ solvent.** 

'riu' (*l(‘(drolytie dissotdation of water increases with rise of teinpera- 
tun*. 'riiis is unusual, hut is commonly cxplaiiu'd on tlu* assumption that 
most watt'T niok'cnk's at ordinary l(‘mp(a'atur(‘s an* polymerised, thus 
(IL.O).,,, tlu* \*ahu‘ for .r licing mainly 2, and (Iiat tlu* (‘xisting ionisation 
is (hat of single mok'cuk's HA). As tlu* ((‘nip(*ratur(‘ rise's the pro¬ 
portion of lh(‘S(‘ }n<*r(‘as(‘s through <lepoIynu*risation of the complex 
nu>k‘(*uU‘s, so that whilst tlu* a(*tual p<'r(‘t‘ntag(* of singl(‘ moleeuk's (‘on- 
vended into ions may In* ri'dueed, the total mmdu*r of ions is greater.'^ 

In eon I act with ordinary frt'sh air, t lu* eondueti\dty of wat(*r is 
0*7 to (PtSir 10 mho, tlu* lisf* h(*ing diu* mainly to iiu* dissolvt'd earlion 
di-oxidt*/’ 

Tlu* absorpt ion spectrum of water** was studitui l>y Soret and Sarasin'^ 
in IHH t, who pass(‘d a beam of liglit through 2*2 nu'tres of water. A 
faint and narrow band was obs(‘rvt‘<l in the* orange* at a ^vave‘ k*ngth 
of approximately tJOOO. This bane! be'e-ame* slightly more* distine't and 
a ge’ne*ral absorption of the t‘Xlr<*me rent was luitiet'd as the* thickness of 
the* wate*r layeT was ine*re‘ase‘d from to k5 metres. 

In small (|mmtitie*s wat<*r appears eeilonrk'ss, hut in eh'cp laye'rs 
it is possesse*d of a liluish tinge, whi(‘h tends to be*(*e>me grtn'iiish as the 
tt'inpe’rature* is raised.^ 

The cause* the* (‘okauvel appearaneu* eif natural vvat(‘rs has hee*ii 
flic suhjce*l <d' eeinsiderabh* {|is<*ussie>nd The* light blue* hue* of wnte'r 

» Kuto, iiuil •StiHjiian, ./. Aimr, (‘hrm. *SW.., U)ln, 32 , 159; ]a)rt'nz atul Bohi, 

ZritHeh. t'hon.f 1999, 66 , 7^9; HudHon, ./. I'hvni, 1909, 31 , IIHCJ ; 

Kmrv «nul Nifty,, ihid,^ 1915, 37 , 229.9; KhiujU, ihid.^ 1997, 29 , 1492; Walke^r, Trunn, 
Zm’Uikty Ncf., 1999, X, 992 ; tlfyelwt*ilifr. Ann, Phi^mk, 1999, (4|, 28 , 599, 

Bmriit iuhI Titir/i, ZHiinch, phjdknl. ('hrm.t HM2, 79 , 55. 

Wiekicn. Tranks. Famdap Nm*., 1919, 6 , 71. Best p. 2!)9, 

■* Sec Kf'neliiil, J. Aincr. (*hrm, 1919, 38 , 1480 ; nn Uu* Hptsniia iiHhif.tivcj euiparit v 
of wjitfr Bfiiiilard, (UmipL rvnd., UHi5, 14 X, 959. 

Sen* Hartlfy auel Huntington, Phil, Tmnn,^ IH79, 170 , 257 ; (k>lk\y, J, Uuhh 
l^htps, Fhrm, Nof,. IIHMI, 38 , 491 ; 1997, 39 , 219; Wnk'hrnann, da//. Phtidk, 1922, |4), 66 , 
594 ; PhjiMiku!, Zrit.wh,^ 1921, 22 , i595. Thn infm-nal nbHorption haw lM‘t*n Httulical ky 
Uolliiw, Phpmtul 1922, 20 , 4H9. 

" Soret and Harai^in, i'mnpL rend., 1HH4, 98 , 924. 

Piuditux and Wollrnann,./. Phifmpu\ 1912, (f»|, 2 , 299. 

» Hi’ii the intfiT»ting snninmriea l>y Barie^roft, (fhnn, Nmm, 1919, 118 , 197, 208, 222, 
239, 248, 254; Toinkinsem, iV/iV/., 1921, laa, 205; luul Eamanatliau, /*hiL ikn/., 1929, 
46 , 549. 



nXVCKX. 


27n 

that lias hrtai softt‘iu*(i In* dark's procs'ss has frt*qtirntl\' hmi laan- 
iiU'tiUal uium,^ auc! inniifs to tlu* su_U‘,a'Nthai that t!a* rohmr is diir tu 
thi‘ scattcrin.y: of liiilit h\‘ siispiatth-fi {»arth*!»-s. 'riirril’al! - IVauid tliat 
tlu‘ folknviii^ solutitau \\iuii vit-wrtl tlirouiih a tula* is fiu. in Imutlu 
inatc'haci with ntiusidfrahk’ pufisiun th» aohair <»! a saiiipk u! watia* 
from the* Meditorranran : 

500 t\i\ distilled wattaa 

O’OOl 10 *. soluhle Prussian him*. 

5 VA\ saturated lijueuatrr just preoipilatrd hy tin* smallrst t‘\rt‘s.s 
of sodium hydroiO'U oarhonatt*. 

Lord Paylc’i^h ** attrihiiti's tin* Idm- roluur of the sisa to^ that of the sk}\ 
seen hy roihadiiau 

Ac'oonliniif to Aitkin* the Mrilitrrraman s**a uUfs ds roltiur to 
mimita* sus]Hm<ifd partit'hs whieh ndleet rays uf alt rolours, whilst the 
water, by virtue of selretivt* ahsm'ption, ntlows only tlir hlur rays to 
escaipis T1 h‘ solid partieles thus drtrrminr the hnlliam\\ of tlie «'olom% 
wliilsi tht' si'leetive a!istir|dion hy the water tfelrrmuirs thi* eolour 
itsc'lf. The ixreeu <’olour, so fret|Uenfly mitit'e-d in tie* sriu rs attrduitnl 
to tile presiiiei* of yrit<ovish parltehs in siKpt usiou. tin ! hr other hand, 
tlu‘ i^rei'U eotours of sueh Inkrs as C/onstaner amt Nrurhatrl an nserihrri 
liy Hprin^^ to thr mis;ini? of thr natural him- of tin waters with yellow 
liroduec’d hy the presenee of hmly divided |iarlie|iH of suspended 
matter, whieli latter may theiusehes he tpute eolourless. Sometimes 
lakes, normally ^u*eentsh in eolour, hreomi ti-mjairard) eolourless, 
Tliis is attributed to tla* presenee of line rrtldish mud. eonfammu nvide 
of iron, whicdi eounterai’ts the »rroem 

Threlfall su^ygests tfiat tire *»rt*enish eolour of thr sm off the eoast of 
\Ve.stt*rn Australia may he due to the presenee td traers of orfiame eolom*’ 
in|| inattiu* dissolved out of livitiu ur ilrad sr-awnah Hiielianaii 
altrihutes tlu* i^reen «*olour of Antnr*'ti«* wntiu's to diatoms nml tin* 
exeretions of mimilt* animats, whilst thrsfn wiilrr at Moiiador | Moroecsi) 
ami off Valparaiso ami Sun Framaseo ate htdirved to hr eottnired iireen 
liy ehlorojihylL 

PiTfeetly pori* water is utmost a ehtinieul impossihihty. masinueh 
as eontaet with luiy eontaininn vessel must lead to eontamiimtioii. 
Even optieally }airc* water is ilillieul! of atliuniiieitl ; d eaiiiiot he 
preparcsl hy men* tiltration or distilhdiom Hartley sltowitl that wiifii*, 
obtidiusl hy ilistillation from aehl permiifmaiiide soltdioii ami suhsi‘4|Utid 
redistilliition front a I'opper vessel in a hydrourti atmosplii'rr, is titif 
optieally voidA Tyndall obtained tiplieally pure Widr*r hy nirltiiin elf*ar 
hloek ice in ii vaemmn It showetl a blue when rMimitml in a 

three-foot layer. 

Now, if I'Hire water is eolonretl sliuhtly htm% its is i^uaierally eoiief“de«L 
the effeet eamiot ht* flue to either t»r tfi** forei|oin *4 raiisrs, iiiimely, tlie 

^ tkii Ijwikrstrr. AViliirr, lillu, St, IlH; Hiirttiw, a. 4147. 

s ThttilWl, ihitl.. ISim, 59 , 4 li-L 

» Eiiylrigh, iliiVI,* IDIU, 83* 4 H; HHrntifir /5i/irrj, 5, Mil. 

* Aitkia, Prm. 1%. AVIo?., 11 , 4#:i. 

^ Hpriag, M intmmt Cmig, r#**., /aVf#*, ISIIS ; Urrli, Sr$, ««!., IfiUH, 

[ 4 t 25 . 217 . 

® Bwhimtwi, A'liliifis lino, 84 , 87. 

^ Hartley, iUd,, Hill, 83 , 487 ; Hpriag, Bull Aemi. ray. ISail, i:ii, :|7» t74 
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])rc‘sc‘nc(‘ of siispc‘U(lcd or dissolved materials, which are known to 
a(*eeutuat(% if not to he the sole cause of, the colours of natural waters. 
It must be due to a, pure absorption eheet of the water itself. The 
ri'iation between (H)lour and (‘onstitution is by no means clear, but the 
suggestion has IxaMi made ^ that tlu‘ greenish tinge acquired on raising 
tlu' ti‘mpc‘rature is a (‘onscapieiua* of the (le])olymerisation of the water 
moltaailes, the polynun'ised moleeules being bluish in colour, whilst the 
single monohydrols arc‘ green. This n'ccaves su[)port from tlu‘ fact that 
solutions of colonrU‘ss salts, which may be expected to contain fewer 
polynuaisc'd moleeult‘s, are more green than ])ure water at tiie same 
tem[H‘raturt‘. 

'riu‘ brown colours of natural waters a,re sometimes due to ferru- 
giiu'ous suspc'usions, but in many (*as(‘s arc‘ attributable to colloidal 
organic maltta’.“ Typical waters of this class oeeur in the uplands of 
Lancashire and Vorkshiix*. The colloid is usually electronegative in 
character, (‘xhibiting cUa*! rophoresis in the diix'ction of the anode,^ and 
b(‘ing precipitablc' by positively charged ions and colloids, and by 
electrical t reatment. 

TIu‘r(‘fra(‘liN’c index M'or sodium light at dilTerent temperatures is 
as follows : 


lUtracl.ivo index. 


'IN-mperal ure, (*. 


2U 

25 

no 


Variation of the nd'nietivt* imlcx, //, with Uanperature, /, is given liy 
t lu‘ cx|)rt‘ssion 

// LnntOl UrdtitJ/ | 2(P2/--0*IS177'^ I O-OOOTaad). 

For tin* iron K line*^ at 15' C‘. tlie refractive index is l*nn5(ino. 

'Flu* tasti' of wat<*r is largely dependent on its freedom or otherwise 
from disst^ived foreign matter* especially carbon dioxidc‘'^; with pure 
distilled water tlu* taste is distinctly Hat and unpalaialile. 

The magneti<t suscH-ptibility of watta* has fr(‘qucnily been determined, 
the value for K 10^ at 20"' bt‘ing 0*7020 with a temiieraturc coellieieut 

‘ DurtfUiX mid Wollmaniu ciL 
. Ser lUwi% J, S<H\(^hnn, I ml., UrJI, 40 , 15U 'P. 

Sep Bill/. iUid Rnvhnke {lUi\, UHIt, 35 , 1715), win. Htudied coUnidH. 

* BiirgeHH, luid Diiudt,*/. Atnev, (■Iwm, Sac,, lOl 1. 33» HDiL iSec! also Briilil, lie)., 
IHin, 24 . d44 : iUtIurd, iVer. Hoy. Sor., HMHK tA.jt 7^. ’tOt), 

K. K. Hidl and Bayiu*. l^hymml th vi, u\ nr2‘2, 20 , 249. 

* (litlnnl. Prm\ Hoy, Soe., lilOB, jAt 78.409. 

? FrkHlnuum. /.liLHch. liyg. Z/f/tR 1914, 77 , i25 ; AbMr. Ohvin. hoc., 1914, 

106 , it, 915. 


ncfi'rred lo Air }il 

sum(‘ 'I’.MnjH'ratuiH'. 


I njrioo 
t •nn2 iH 
i-nnioo 


lvtd(a*nHl to Vacuum. 


1 nnnno 

1 *33281. 
1*33225 
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OKYilKS. 


of O-OOOIIL^ According to Stt‘nnis, it lien hrtwt‘r*ii o-Thl niiil 'll'T^O 
at 2T The dii*h‘ctric constant td* wat*‘r a! is ^ C', M *05/^ 

iVn/AiVa/ i*rtipft‘iit\s ij/ II , 

The boiUng-jH)ini ed’ a htjuiti is di*tiui-d ^ as thr hedirs! ft ia|ti raliitr 
aliainahh' hv a lit|uiii tuidt-r a fa'i-ssHr*- at ifv i^wn «titii 

heat is applied (Wtta-nally and i’\aporafa»ii urruf. Iritiii tln' 

surface. Ihuka.' a uoTUial prt^sstire of TtJO luui. of iiirri'tii-\ , «,ilrr IjoiIh 
at KK)*' and the iHHliiig'’poiiits at \anous tdht-r |ir-rssiirr‘*. are niieii 
as follows ^ : 

VARIATION OF THE BOILlNC;-FOIX1‘ OF WATER 
WITH FRKKHTRK 


l^rensura, 
mm. llg. 


720 

722 

724- 

720 

728 

700 

732 

734 

730 

738 


The hypsofjuivr is ii siiiulh portaEh' jnere of apieiraltis mabtes 

th(‘ boiling-point of wider ti> lie deleritnned at aii\ pliiei. ‘rie- ^^alrr 
is phuH'd in a sinull tnlie tir IhiiIi-i' an*l is liraf^d In ineaiis n| a spirit 
iiame beneatlu whilst the vajitiur in its imssaife !*» t|ie tiprii air heats 
a (hdieute therinoineier. The instmiiifait is si.iiiriijni % livrd iur tie ■ 
ternuning the iiltitnde of h place, sniee- the hniiiiigjiinnl id nalcr falls 
through one (h‘gn‘c- (‘* for v\ t r\ Ioho h-cl r$sr ahtna- sra Im t-h A iititre 
general expression is thiit of Soret. liiiinrl^ ; 

h 20r#|l00 tl 

wlu'rc' k is the luight ahove si*a le^ad i-xprinsr-ii in iiielrrs, ami I I lie 
(dadlition teniperitt;uri%*^ 

I Weiiw^iiml Pksrimh ikmtpL rrmL, mj, %%%, ILCM , Pe-rAnO 4trii.^ |4y,. mil. 

hdlt 35* 45s, 

SteaniH, i /^mVie, llMi.k l6» f. (Hlir-r in' yiiin* k*'^, Ii s-tsl, „|n»#ilr'i 5 j 

!oP’ ii* * Tewiiwawh prm\ Hny. ,SW., ISIHl. I sin Ammdm, 

JBOB. 66, Bl)8 ; PrmWn Ammhu, tWU,6. Janer *ni«l Mr%'rt. iriol, |s!ia, 

67. 712 ; Ihrmlin Antmlrn, MMU* 6, S70, 

l-iitoy, mi. MtH,.. Ht 21 , !«!. 41. Hi-S*. ‘ i l,,, y.-l ) . ;i. 

LaHdolt-BiiniMUnn, I’hi/xiMim-h-rhfmim-hr TtArUrn »»tt 

Regnaalfc*8 meiwiinmainte. 

ini! ‘^^*2** ^^*'**™ the Ilcrkt 4 *“v Aiiiiklp-n !**«?. *W., 

1911,1 Af 8S, 477 . II * at 
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Acknowledge ot the variation of the vapour pressure in the neigh¬ 
bourhood of 100° is frequently of value in ehecking the accuracy of 
thermometers by immersion in steam at atmospheric pressure. 

In this connection, therefore, the following data are of interest: 

Temperature, ° C. . . 95 96 97 98 99 100 101 

Vapour pressure, mm. Hg. 634-()l 657-69 682-11 707-29 733-24 760-00 787-57 

Liquid water is incapable of existence above 374° C., this being the 
critical temperature, the corresponding pressure being 200 atmospheres 
aiul the volume 0*00386 approximately. 

Ihe more important determinations of the critical constants for 
water arc given in the following table : 


CRITICAL CONSTANTS FOR WATER. 


Critical 

Critical 

Pi’csaiirc. 

Critical 

Critical 


Temperaturo, 

«0. 

Volume, 

c.c./gram. 

Density, 

grani./c.c. 

Authority. 

580 


* 


Mcndoleell, Pogg, Annalen, 

370 




1870, 141 , 618. 

105-5 (atm.) 



KSt.rauss, Wied. Annalen, 





Bcibldtkr, 1883, 7 , 676. 


2-33 

o-iao 

Nadejdinc, ibid., 1886, 9 , 

365 




721. 

200-5 (atm.) 



(Jailletet and Colardoau, 


207 (kilograms 



Coni})t. rend., 1888, 106 , 

364-3 

per sq. cm.) 



1489. 

194-6 (atm.) 

4-812 


Battelli, Mem. R. Accad. 


201 (kilograms 



Torino, 1890, [2], 41 . 

• « 

l)er sq. cm.) 

4-025 


Dietcrici (1904). Quoted 

374 




by Davis {vide infra). 
Traube and Toichner, Ana. 

(365'^ assumed) 




Phjsik, 1904, 13 , 620. 


3-04 

0-329 

Davis, Phya. Review, 1909, 

374-07 to 374-62 


(calc.) 

(calc.) 

29 , 81. 

217-8 (atm.) 

Holbom and Baumann, 


225 (kilograms 



Ann. Physik, 1910, 31 , 


per sq. cm.) 


0-322 

945. 

Calculated below. 


The density, d, of saturated steam at various temperatures is given 
by the equation : 

c^=0-1552 - ~0*0004757(^ 160)--()*000()OOG85(^-~-160)2 

in grams per e.e. where t is the temperature on tlie centigrade scale. 

Assuming the critical tcaiqxu’aturc to be 365° C., the critical density 
becomes 0*329 gram ])er e.c.^ U'lie more recent work of liolborn and 
Baumann, however, suggests that 374*3° is a closer approximation 
than 365° to the critical temperature, and if this value is inserted for 
t in the above equation, the figure for becomes 0*322. This is 
probably tlu‘ most accurate value. 

The viscosity of water vapour at 20° C. is 0*0000975.^ 

J Davis, Phys. Review, 1909, 29 , 81. * . 

^ K\uidt and Warburg, Pogg. Annalen, 1875, 155 , 337 ; Houdaille, Fortach. Physik, 
1896, I, 442. 



280 


<»XVUKX. 


The latent lu‘atot' x'apca'isaticai nt' uairrat Itai i . i\ fahirifs iv. 
Sometimes the value is i^iveu iur watm* at <1 m wlueli ea\r tin^ aiiemiit 
of heat requiretl ic^ raise* the uatfr truiii o tu HHi i , uiiiHt !»• a4tlni tu 
the above {|uantity. Tlu* to!h>\viu,e are tiu- iiievst attiitipts 

to d(‘tta*mine tlu* latent heal uf stt'am, inMlnnlartlle the' lipjst aeenrate 
results bt'iujL^ tht^se of lUehards ami t>f Mathew.. If i\ n iiiarkalile 
that th(‘ vaiut‘S obtained by Hlaek and b\ Wat! shnt.ild apiiruviiuatr 
so (dosely to that at*eepted a! the jire^t jit day. 


LATENT HEAT OF VAFOHISATIO.N OF WA'rKEd 


From 
Water 
at 0® G. 


(140 

(ia6-7 


Froiti Watt^r at i 

i ()()'(*. I 


r>2{) 

620*2 

(64(3) 

(53a*7) 


5a6*7 

637*2 ! 

640 I 

i 

6;ts«26 at UHeO (*. j 
('((uivahait to 63H 7 ■ 
a( too C, 

538-1 

538*0 


7)30*0 


He*mark?i. 


Aver*n,?.e *t 

3S Urti i 
Jiiiiiataan 


Moan (4 3 


I- 


I-- 

(*alen»‘*i . 

tM 22.U 
juali' i ♦ 

j v 


\ni h« ajf \, 


nuvi, 

Wall I f Tsh 

fine. O'ly ss. aii 

13*1*11.iUH, -ifr'y,'.. I'I|S|T. 
tnli. 

Kalilrutrii.*, J. i' , ISiey 

21.» 

J?;;'. * hati:. I’Ayj, lH0lk|?|j, 

lh.iU. v, ,u fn) /.if 

Istay Ni. ue O'”*. 

Ihaauae. , IiVivui., 11, H-ni 


in* hitnf;* aii 4 Af.ah *-J t hnr. 

, loll, in Hti.i 

MalhrW''n J. il t ?,n , 11117. il, 

:an. 


T1k‘ amount ol Iieat rei|uired to raise I tfiaiu mI water at n I , mlfi 
vapour at t C’. is eiven in ealories t. by the espienMnii ; 

Omi-H iO%nTlAt/ IU0| ii-iHHKWtiii |uu|% 

T1k‘ nu‘an spc'eihe bi’ul of stnitti at etnistaid pr«‘eaue In i wini tun 
and 1400® F. is j^hvi n by the etpintton : ^ 

i)-4009 O-OOtkOlll.H/ O tHMl,IH»0,0 Hb. 
tlie ex})erimental data btin|r ns follows ; 


1 Other reaulta are tleme of Vn\ HtiL Tmns., Ih|m, imB. :isa , |*re.p'nn ,tnm i hun. 
Phys„ 1823, [2], 24 , 323 ; Andrews, Atimthn, |h-|M. 7 ^. m. . m4 

Compt. remL, 1849, 29 , 449 ; IH4II. 23 . 411; .4)iii, rA„k . IsVI. :i:|i. ri. .|ti|b 
Berthelot, (k)mpL rrml,^ lH77. 85 . 040; Jua, f'h$m, IsTt, ja'i, ij, , \Vmk%4 

^ AnnaleH, 1880, 9 , 20 H, 36H; lUr., ml Hrluli . Inn.iim, Imhii. 

[Ho/. Anmiim. tHH9, 37 . 494; A, W, 8 jj,ii|p 1%,^, liVtinr, 

3 Miiraodi ,|tid iniwtuv. i*kA. 

Mag., ism, 6J, 41. !H. ‘ < W..r». i ill m, 4i;t j,.ul« 

r.wd , "f ■■.;"•''/■• ^5. -W. «I«- rhy.„k. 

11120 , 2 , 197; Stemwehr, ilnd„ 1920, 1,333. 

• Holbom and H<*imiuK. 'Uin. i8, ;:«•; aj, 

and Austin, ^ 1907; Bjerruiti, Pkkltm-iwm , li. It*! ; 

1882 [5] ^3 litimUaiJ, Aimr.t%,m, .sv«*„ |*||;y li::^ , ittrty. phA, JIu./, 
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MOLECULAR SPECIFIC HEAT OF STEAM AT 
CONSTANT PRESSURE. 


IVinp^'nituns 


'roin{M‘rjitun‘, 

(t 


'rtMUjuM-aiure, 

" C. 

Oi). 

100 

0-1*058 

500 

0* 1*000 

000 

0-1*877 

■ioo 

0* 1*050 

000 ! 

0* 1*720 

1000 

0-1*01.1 

;5()() 

0*1*058 

700 

0-1*707 

11*00 

0-5200 

K)(> 

0*1*072 

800 

0-1*817 




I'hc molecular six'cilie heal at eonslaol voiuim* is ^‘ivc'U by the 

(‘xprt'ssiou : ^ 

C'j, 5-1)1 1 ()-(H)a,7<;/ ()-()()(),(H)(),I55/-; 

lH‘Uveen O ' and 21)00" by : 

i\, 5-750 I O-TH^i >. 10 ‘‘T I 0*020 10 

I |.‘50>: 10 2*bSK 10 

when* 'r is llu‘ al>solutt' hnuperalunx" and** 

0*005 I 0*0005/ 1*0-2 v 10 

between 1000 " and 2500 ' (’. 

*riu‘ ratio has bei*n e\ablated at. 1-20, a<^n’(‘ein<j[ (nirly well 

with tlu* titrun* expeelt'd of a subslanee eonsistin^^ of triatomie niok‘(‘uk‘s;^ 
The valm* lalls with rise of lempt-rnture as is nsuak Thus : 

'r<*mperat ure . . 110 120 100 

y . . 1*0001 1*0120 1-OUl) 

Wattu’"vapour ext-rls a distiiu-t sele(*tive action on !i<4htj^ the idfeet 
ot* atmospherie moisture bein^ (k*it*(‘tabk* spt'clroseopieally in simlijDfht. 
It manifests absorption in the infra-red iH-t^ion, and llu* " a.'' ul>st>r}diou 
band is interesting^ as bein^f th<- one by whi(*h tlu- pres(*uet* of water 
vapour on Mars was tirst determiiu-d by Sliplu-r in 1008,'’' 

* Miillinti iuid i'ompL nmi.., IHHI, 93 , Oil 1. 

^ Zritw'h, 11)11, 87 , (Ul. 

ZrltnHch. Mh’kimchrm.^ 1001 ), X 5 , mu. 8 ('r alno \Vnm»'e4«\V» /Vfn*. //fH/. 
lO'i'i, !At KoajOtt* luul vnii ihiti., 1028, 21 , 

* dv iaa-elti, f*hif,sik\ Hn’iiliitln\ IHH'i, 6 . U 2 I, 

** IVrit'/, I'rhvr dir Ft>rtpjlaniutujfitfr.stdiuHnttUjkrU drn HrhtUr^ in riniipn Ihlnip/rn, 
Huniu HHKt 

.)inm«eti, FompL n nt!,, isaa, 63 , 2811,111 ; hivi-ia^nnd I)<nviu\ /Vw. //o//. *SW., 1882, 
13 , 271 ; v«»a liahr, fUi\ /h ut, pfnjHikttl, (/rn., 11)18, 15 . 781 ; IIuIhuih aiul lIcttiH^r, ihid.^ 
ID I a, 18 , I el ; Ih'ttru'f, Ann. !diy>^ik\ iDtS, 55 , 170, 

* Hi*f uuto-H in Suiun\ IDUH, 77, 11)7, 000. 



CHAPTER IX. 

CHEMICAL PROPERTIES OF WATER. 

Water is readily decomposed at the ordinary temperature by alkali 
and alkaline earth metals in compact form. The temperatures at which 
water, in the form of ice, becomes measurably attacked by the alkali 
metals have been determined as follow : ^ 

Sodium . — 98° C. Rubidium . —108° C. 

Potassium . —105° C. Caesium . —116° C. 

Many other metals liberate the hydrogen on warming,^ particularly 
when in a finely divided condition. Thus pyrophoric iron rapidly 
decomposes water at 50° to 60° C., and its action is perceptible even 
below 10 ° C. Its reactivity appears to be independent of the presence 
of occluded gases or of carbon, and to be solely dependent upon its fine 
state of division.^ Boiling water is slowly decomposed by granulated 
lead.^ 

Addition of magnesium powder to ten times its own weight of cold 
water, followed by a little palladous chloride, causes the evolution of 
hydrogen, which spontaneously ignites.^ 

Although aluminium is not readily attacked by water at the ordinary 
temperature, in contact with iodine the hydroxide is formed, hydrogen 
being liberated. This appears to be due to the formation of a little 
aluminium iodide, AII 3 , which is immediately hydrolysed to the 
hydroxide and hydrogen iodide. This latter then attacks the aluminium, 
liberating hydrogen,® and yielding a further quantity of iodide, which 
immediately in its turn undergoes hydrolysis. Since the iodine does not 
enter into the final products, a very small quantity is sufficient to effect 
the oxidation of an indefinitely large quantity of aluminium ; in other 
words, it is a catalyst. 

Mention has already been made of the fact that the action of water 
is of considerable value in discriminating between acidic and basic oxides. 
A somewhat similar series of reactions takes place with chlorides. Thus 
the acid chlorides PCI 5 , PCI 3 , SiCl^, AsClg, are converted into free hydro¬ 
chloric acid, and the corresponding acid derived from the non-metal. 
In the case of chlorides derived from organic acids, analogous results 
obtain. Thus acetyl chloride, CH^. COCl, yields acetic acid, CH 3 . COOII, 
together with hydrochloric acid. 

^ HackspiJi and Bossuet, Co7npt. re7id., 1911, 152 , 874. 

2 See van Ryn, Ghem, Weekblad, 1908, 5 , 1 . 

® See this series, VoL IX., Part II., p. 63. 

^ Regnault, Ann. Chim. Phys., 1836, 62 , 337 ; Stolba, J. prakt. Chem., 1865, 94 , 113. 

^ Knapp, Ghem. News, 1912, 105 , 253. 

® Gladstone and Tribe, Chem. News, 1880, 42 , 2 . 
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Metallic carbides are frequently decomposed by water, yielding 
hydrocarbons. One of the best known of these reactions is that with 
calcium carbide,^ which yields acetylene. Thus 

CaC2+2H20=Ca(0H)2+C2H2. 

Even combined water or “ water of crystallisation ” may induce this 
reaction. Sodium carbonate, NagCOg.lOHgO, is a useful salt to employ, 
and the reaction takes place at a more moderate temperature.^ 

By the action of water on aluminium carbide, methane is obtained ^ 
admixed, however, with a little hydrogen.^ 

Al4C3+12H20=4Al(0H)3+3CH4. 

Other carbides, such as those of thorium, uranium, and glucinum, 
likewise yield methane, but mixed with various hydrocarbons.^ 

This behaviour of metallic carbides led Mendeleeff ^ tentatively to 
suggest that the large natural reservoirs of petroleum in America have been 
formed by the action of water or steam on subterranean metallic carbides. 

Phosphides and silicides frequently behave in an analogous manner. 
Thus, calcium phosphide, Ca 2 P 2 , is decomposed by water yielding 
phosphorus trihydride, PH 3 , and liquid phosphoretted hydrogen, P 2 H 4 , 
which is spontaneously inflammable. 

3Ca2P2+12H20=6Ca(0H)2+4PH3+2P ; 

Ca2P2+4H,0=2Ca(OH)2+P2H4. 

Even yellow phosphorus itself, when warmed with water, yields hydrogen 
phosphide.'^ 

Metallic nitrides and hydrides are decomposed by water either in the 
cold or on warming, yielding respectively ammonia and hydrogen. 

Many organo-metallic derivatives are decomposed by water. Thus 
zinc methyl yields methane : 

Zn(CH3)2+2H20=Zn(0H)2+2CH4. 

Magnesium mctlnd iodide, Mg(CH 3 )I, behaves in an analogous maimer : ^ 

Mg(CIl3)H-H20-CH4+Mg(0H)I. 

Some metallic peroxides, such as sodium peroxide, are decomposed 
by water. An intimate mixture of pow'dered aluminium and sodium 
peroxide inflames when brought into contact with water. 

A few metallic sulphides are decomposed by water. The majority, 
however, are stable in the presence of water, and this fact is made use 
of in routine methods of qualitative analysis. Water decomposes 
strontium sulphide, yielding a mixture of hydroxide and hydrosulphide, 
which can be readily separated on account of their widely differing 
solubilities,^^ the latter substance being the more soluble : 

2SrS+2H20-:Sr(SH)2+Sr(OH)2. 


^ First observed by Wohler, Annalen, 1862, 124 , 267. 

^ See Engineering, 1906, 81 , 261; Masson, Trans. Ghent. Soc., 1910, 97;. S51 ; Turner, 
Amer. Ghem. J., 1907, 37 , 106 ; Dupre, Analyst, 1905, 30 , 266. 

Moissan, Go7npt. rend., 1894, 116 , 16. 

Campbell and Parker, Trans. Ghent. Soc., 1913, 103 , 1292. 

See this series, Vol. V., p. 71. ® Mendeleefif, Ber., 1877, 10 , 229. 

’ Weyl, ibid., 1906, 39 , 1307. ® Grignard, Ann. Ghim. Phys., 1901, 24 , 438. 

® Ohmann, Ber., 1920, [B], 53 , 1427. 

Torres and Bruckner, Zeitsch. Elektrocheni., 1920, 26 , 25. 
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thXVtiEX. 


hy r?ctniftiii*4 striHitiiiin vulpliidr uith Iit4 watii- aiitl 
the ('Irar fittratr, inirt* erystullim^ struiitmiu li\dru\iitr r\ t»lita,iiirti. 

With lairituii \ulpliiclt* I 1 m- rt-arlMUi^ at*- ua^fi rt»iii|ilr\, ami |nirf 
hunuiu hyt'iruxiiit’ rauiH^ hr ithtanird in tlif ahm?- inauir-r.^ 

Whru* huihai with %ul|jhnr in th*- |n'i'*.rnr.- n\ in |ihttiiium 

vrsM’ls, w’utt'r viritK hy<lru*4<‘n suli»hMJ?- ami sulplinrir arnir' 

Mnn\“ shIIh uvv drrum|HvsMl hy w.iti-r, n.irfv^lirn Ihrir 
snluiiunN nrr huilrth ha^ir hi-iir.; |»n«iur» i 

llisiuut!i rhluruir alinnst iniHH'thai^iy iiiiilrfiaks .s Muit '' li\dri»lysiH 
tu tlir hasir Ihsmnthyi rtilnrulr, 

II *thlH I ■ 2l!i'h 

this rfiirlitiii uffurdin** a rittivmn-nt lurtluMi t»l %r|iaratiii»* tnsinutli Mills 
quantitutivrly iVnUi iH-rtaiii <iUn rs. SithittHus iM'i'ir rhlurnlr, ami 
iudrrti tif luuiiy suits rniiijHisrtl nl' a stri»iu,f atm! uiiili d with a Irrhli- ha\r, 
nrr arid in rrnidinn rnuii a siiiular ratisr : * 

VvVl, niuy - FrdHli, alii I, 

F«ir aiinhi|tuus rmstiUN, sails rMUtminir' h'rhlv anthr rmlirlrs with 
strnn^ly hnsi** unrs i4rnfrH!ly nis* atkatim- sidnfr.if. |*Htas%iuni 
ryuniths siHliuiu cmrlHinatis t tr. : 

KVS ^ 11 , 0 .. ■■ KOlt Hi \ ; 

Nn,C1K^ ^ HgCH -Nallcai, ^ \aOH. 

Tlu* u<‘tuai is rrtVrnhlr tn IlM^rftr'rl nt thr ninisaliMii t»l Ihr wah-r; m 
ihr prrsrlirt* i»l* tnu^ ttf its salts a wi.ik tirni surh as hy«l}‘nr\aiur is 
(lisHtHnnitHl ti.i an rxtrnt sm sln 4 hf as tu \h rt»iii|mrahlr in tlissiiriHliiUi 
with wutt'r itsrih Fiulrr stirh i’limiilimis an afqirrriahh' r«ninit'titn*n 
will nrrur hrtwrrn llir ariil nt' Ihr salt aiul thr wiilrr l«»r |H»s.srsstfni uf 
ihr nirtaUir nnlirhs 

KtluTi’nl salts nr rsirn ilrrn'rtf I'rniit thr nrutrahsalinn ni an ami 
Iiy an alrnhnl iilsn unrtrrgn hyttrnlysis hy- wairr anil tlir- iiils, %%!iirh arr 
rnnijHnincis tif this tyias arr iVrunrnlly ttrrnni|.ai,srfl in llm way hir thr 
miunifartun* nf ^lyriiams rainllrs, ur snaj*; th*' tiydmlysis ui' siirli rstrrs 
is ratalytirally lux'rlrratrd hy^ Ijti' adddtnn n! a $uiiirial atath 

Whrn an airdVi-r snlulinu nl |Mitassinin rnhailn iwaintlis I\|C''0|i''X In. 
is tinitiHh hydrn|(m is r\nhrd» thr \n}untr n|’ whirli rt|iiaK I hat <»t’ Itir- 
nxyiirn absnrbril if tfir snlntinn is ra|»ally nxidisnl m air, htil In twirr 
tiir v<.iliinir absnrbril iiitrin|» stnw n\aliiti«in in an% Hir vwrss nl" ti.\\‘.ttii 
in Ha* fnriiirr rasr rrniiiiiis at tla.- <*lnsr *ii Ihr rrafiinii as byilmi^rii 
}H*rnxi«lt% Thus* in air abHrtirr, 

*iIi|C.n{rX|^ . 2ll,0 2:K,F<»|i Kk ‘iKOtl II,; 
with rafhd nxiilalinn 

1 *ill,0 . O, ‘iK,i nii'N'k ^ lip, i 

but with slnw nxidatinn 

•iK,irnli‘Xki 111,0 ■■ o *iKoii." 

‘ Trrrrs iiial Briirkarr, Zr-U^rh, Hkkitm-hrm,, ii. I 
fjtmru, Mrrfh Mwifkrdrr PhiL Hftt., |!H4, Km. i„ 

® Hfift Milaniirll ftiifl J. Jmrr. t'hrm, KV^r., Illil, 19, |ll |4 , 

Trmm. €ke»h Hm., Illlll* I0f, §117 5 laui, 103, IWl 

11 iw nr rim* Val. I\..* IWrt II. ^ Itin V**!. l.\.» IWrl b* p, i**i 
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Th(‘ of wat(‘r upon the direction of certain reactions, in 

eoi\se(pua\(a‘ of (lu‘ ht'al lilxa'ated by tlu‘ solution of one ))roduet, is 
iK'autirulIy illuslralcHl in tlu' case of sulphur, iodine, and their hydrides. 
Th(‘ heals of ri'action of h\droo;en and solid iodine and sulphur in the 
dry ar<‘ as lollow : 

(n.>) i |L,1 2(III) 12,072 calories 
(II,) I 1S| (11,8) 1- 2jm) „ 

h(*nc(‘ stilphur will erhsi: \]\v d(‘<‘oinposition of hydroi^cn iodide with 
inarktal lu'at i^volulion. On th(‘ otlu'r hand, if the reactions take 
|)lac(‘ in th<‘ }Hx\si*nc(‘ of li<piid wat(‘r, tluax^ is a, considerable evolution 
of heat, in both cases in conscepuauH' of the heats of solution of the 
hydrides. Thus 

(Il.>) 1 |I.»1 1 A(|. 2in.A(p 1-20,^11“^ (‘alories. 

(Ill) 1 I s'! 1 A<p H.S.Aq. 1- 7,200 „ 

Owina: to the greater heat of solulion of hydroe*(‘n iodide, the relative 
heat eV(^lutions are now actually r(‘Vers(‘d, and solid i()(ruu\ in its turn, 
can decompose acpieous hydrogtai sulphide', ilu' nau'tiou lu'itva: markedly 
exot hermie. 

Decomposition by Radioactive Substances and Ultra-violet 
Liftht. \Vat(‘r suflVrs (l(‘eomposilion wlu'u (‘xpos(‘d to the' action of 
radium (‘innnation ‘ or radioaeli\'(‘ subslanet's yic'ldin^’ hydrogen, 
oxyvt'iu ami hydro^i'U p<*roxid(' in varyin<>;' amounts according to 
eiretimstant'es. All three' typ<‘s of rays, a, p, and y, a])pc‘ar to be active 
in this resj)e(‘l.“ With llu' )i rays liydro^en is tlu' main .^'aseous prod\ict, 
owinif to the reaction proeeedin<^ as follows : 

211,0 11 , 0 ., 1 H,. 

ritra"vi(>let li.^ht behaves lik<‘ ft rays in this n'spc'Ct.'^ Water-vapour, 
fre(‘ fnau air, is deeo!npost'<l by a sih'ut (‘leetri(‘ disc'har^X' in a similar 
manm r, hydro^u'u and hydro*^en peroxide' bi'in^’ prodiK't'd.'^ 

Water us a Oatalyst. Tlu' pn'senee' of wutc'r has (considerable 
inlha'iiee* oie tlu* course of some (*lu‘mi(‘al rt'ju'lious ; th\is an alcoholic 
soltdion of potassieim aeet.ate reacts with (‘arbo!i dioxide', yieldinjif a 
precipitate of potassium ('arhouate, a n'sult which is iu strikiu^^ contrast 
with tlu' iutt'raetion acetic* a(‘id and j)otassiiim (‘arbonate in acpu'ous 
solution. Also silvt'i* nitrate' and hydro<.,n'n chloride fail to rcxict in 
anlivdrous beiizeiu’ or (‘llu‘r. IVIany su(*h prc'cipitation and other 
rc'netitms fail in the al)senee of watt'i*. 

Water-vapour is (*apable of fuiu'tioniug as a (‘atalyst in many 
rea(*tions. Attention has alnsidy Ihm'u dirt'C'tt'd to tlu* combustion ol 
hydro|n‘n (p. VA ) atul (*nrbou monoxide (p. 85) iu oxy^mn, the presence 
of small <|uuntitit‘s cd’ water hein^^ esst*utial. barbonyl sul|>hide, COS, 

» Tmtm. (fhvm. AW.. HK)7, 91, iVM ; Cameron and Ramsay, ibid., 1907, 91, 

1599 ; HM»H, 93. IHHi. 99‘J. C’<impare Rutherford and Royds, ifaj/., 1908, 16, 812. 

s Uidaeme, Ann. Phi/mqut, 1914, 2 , 97 ; atmtpL mid.. 1909, 148 , 703 ; Usher, Ja/tr- 
imrh Hadiemliiv. mirirmiik, 1911, 8 , 323; Duane and Hcdunier, ?7aW., 1913, 156 , 466; 
Kernhiium, ffud., m09, I4^» 705; AiulrC^efT, «/. Phys. Chpjn. Soc., 1911, 

4 |, 1342; Berg wit*/, Phynikul. ZriUrh., 1910, ii, 273. 

^ Kerntmvim, Compt, 'mid., HKHt, 149, 273. 

^ Kernhauin, ibid,, 1910, *d9. 

« Ihiglu'H, Phi!. Mm/., 1893, 35 . 531. 
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will not combine either with oxygen or nitrous oxide when perfectly 
pure and free from water.^ Thoroughly dry carbon dioxide is not 
reduced by dry carbon even at red heat, and no visible combustion of 
pure sugar charcoal is observed even at bright-red heat in oxygen, 
although carbon monoxide is being slowly produced.^ Sulphur ma}’^ be 
distilled in dry oxygen without visible combustion, and the same appears 
to be true for sodium and potassium.^ Calcium is not oxidised by 
dry oxygen.'* Boron and red and yellow phosplmrus do not burn in 
the dried gas.^ Indeed, amorphous phosphorus is not even con\Trted 
to the red variety when heated to 278° C. in pure, dry nitrogen, 
although normally the conversion takes place with considerable violence 
just above 260° C.® 

Water-vapour exerts a considerable influence upon the dissociation 
of nitrogen trioxide. The effect of prolonged drying of the liquid is 
apparently to reduce the number of NOg and NO molecules normally 
present by causing them to combine to N 40 g molecules. On vaporisa¬ 
tion, these latter molecules dissociate to a mixture of NgOg, NO, and NOg 
molecules, the NgOg not undergoing further dissociation.'^ Thus 

N 40 e^Ng 03 -fN 0 +N 0 g. 

The activity of the halogens is greatly influenced by the presence of 
traces of water. Thus, dry chlorine does not attack copper, and dry 
hydrogen chloride does not unite with ammonia.® Although dry 
chlorine attacks mercury, mercurous chloride does not dissociate upon 
heating, when thoroughly dried. The same is true for ammonium 
chloride ® at 350° C. and phosphorus pentachloride. 

Hydrogen and chlorine do not explode in sunlight when dry ®; only 
slow combination takes place. Similarly ammonium chloride and lime 
do not interact.® 

Nitric oxide does not unite with perfectly dry oxygen. Experiments 
indicate that perfectly dry sulphur dioxide and oxygen will not unite 
in contact with platinised pumice,® whilst sulphur trioxide has no action 
on calcium oxide. 

On the other hand, selenium, tellurium, arsenic, antimony, and 
carbon disulphide appear to burn readily in dry oxygen.Dry ozone 
is decomposed on warming, but may be prepared in the usual way from 
dry oxygen.^^ Iron yields its characteristic ‘‘tempering ” colours when 
heated in dry air or oxygen.Both lead nitrate and potassium chlorate 
decompose when dry. 

Cyanogen burns and explodes with oxygen in the absence of water. 

^ Russell, Traifis. Chem. Soc., 1900, 77 , 361, 

- H. B. Baker, Proc. Roy. Soc., 1888, 45 , 1 ; Phil. Trans., 1888, [A], 179 , 571 ; C. J. 
Baker, Trans. Chem. Soc., 1887, 51 , 249. 

3 Holt and Sims, ibid., 1894, 65 , 432. 

* Erdmann and van der Smissen, Annalen, 1908, 361 , 32. 

^ The oxidation of the phosphorus is very slow. Russell, Trans. Chem. Soc., 1903, 83 , » 
1263 ; 1900, 77 , 340. ' ^ 

H. B. Baker, loo. cit. 7 Jones, Trans. Chem. Soc., 1914, 105 , 2310. 

8 Baker, Trans. Chem. Soc., 1894, 65 , 611. » Russell, loc. cit 

Baker, Trans. Chem. Soc., 1894, 65 , 432. 

11 H. B. Baker, Phil. Trans., 1888, [A], 179 , 571. 

12 Shenstone and Cundall, Trans. Chem. Soc*, 1887, 51 , 610 ; Baker, ibid., 1804, 6k 611. 

18 Eriend, J. Iron Steel Inst, 1909, II., 172. 

1 ' Dixon, Strange, and Graham, Trans. Chem. Soc., 1896, 59 , 759. 
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Influence of Desiccation upon the Physical Properties of 

Substances. Liquids tliat have been thoroughly desiccated by 
exposure to phosphorus pentoxide for several years manifest a decided 
elevation in boiling-point, ranging in extent from 30° to 60° C. This is 
well illustrated by the following data : ^ 


Liquid. 

Period of 
Drying. 
(Years.) 

Original 
Boiling-point, 
° C. 

New Boiling- 
point, ° 0. 

Elevation. 

Benzene 

8-5 

80 

106 

26 

Bromim*. 

8 

63 

118 

55 

Carbon disulpliidi* . 

28 

49-5 

80 

30 

Carbon t(‘traehlori(lc‘ 

9 

78 

> 112 

34 

Ethyl alcohol . 

9 

78-5 

138 

1 60 

Ethyl c‘th(‘r 

9 

35 

83 

48 

Mer(‘ury . 

9 

358 

420-425 

62 


Similarly the meltiog-poiut of sulphur after nine years of desiccation 
has l)(‘(‘n found to rise from 112-5° to 117-5° C., and that of iodine under 
similar tn/atmcait from 111° to 110° C. The hypothesis that naturally 
suggests itself is that incireased association takes place as desiccation 
bc‘eonK‘S mon‘ ])(‘rr(‘et, and this appears to receive support from pre¬ 
liminary d(‘tt‘rininations of the surface tensions of the dried liquids.^ 

Physiological Effect. Pure or distilled water, on account of its 
freedom from dissolved solids, lias a- tendency to cause the saline con- 
stitvuivls to diffus(‘ IVom living cells, and so cxc-rts a decidedly harmful 
iniluen(‘{‘ on lu‘alt.hy protoplasm.-* 

It is (piitc* possible, however, that many eases of the supposedly 
harmful action of distilk^d water on living organisms arc in reality due 
to minut(^ t races of foreign metals, such as co])])er derivc^d from the still 
in whicdi tlu‘ water was |)r(‘i)ared. 

Dissociation of Steam. —From physieo-chemicial considerations it 
is proliahh* that evc-u under ordinary conditions liquid water contains 
an (‘xeeedingly minute* though delinite proportion of uneombined 
hydrogen and oxygen in equilibrium with the compound molecules. 
Tliis state* of c‘(|uiUbrium is outside* the scope of experimental detection 
nnk*ss disturbe*d in some* way, as by the influence of ultra-violet light, 
wlu*n the* de<*om])osition may become appreciable. 

It. is more (easily ()bse*rved at higher temperature, because with rise of 
temjieral ure* the* pasitiou of the equilibrium moves in favour of a higher 
proportion of dissociat ed molecules. In 1847 ^ Grove noticed the forma¬ 
tion of seime* fr(‘et hydrogen and oxygen when platinum, lieated almost 
to fusion, was dropped into watei', the experiment being repeated by 
Deville ^ a little later, with an even more decisive result. The main 
dillieulties in detecting the thermal dissociation are the smallness of its 

^ Bilker, Tnam. ('hnn. Hoc., 1922, I 2 I, 568. Rec also Smits, Zeitseh. phymJcal Ohem., 
1922, 100, 477.' 

^ Baker, he. edL “ Beeb, Pfliigers AreJiw, 1903, 97 , 394. 

^ tlrevi', Phil Mag , 1H47, [3j, 31 , 20, 91. Deville, Coynpt. rend., 1857, 45 , 857. 
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*iHS 

(‘XitiiL an<l t‘s|H‘4*{r!l}\ tli*' mI Hi*- -•.r-^rs fu rr^^Mfiiliinr lUi 

I1ii* iat 1 4'r »*;u$ hr tib^ lal «» I !»\ t hr i a| ; Ixr r \ .iiii| 

by pusNiu^ a nirniit 41 I sliruti ♦nrr a uhilr lint platifitiiii wiri nr 

a l^iip brt^^rrii %|»artui4i» r!r«*t rntli s ^ hi siirft a uiaiinrr fh.if fitr 

rrnu»Vfil so rapitllv lYoui fitr li«atr-ii arr.t that .1, uI I hr 

fails ti>. rrcHHubinr. Miaihir rfh rf %%.as arhir^rtl b\ th-villr l»v iiirau^, 

his. Ih*! aiui i’ohl “ tul*r. iu ulm-h st, mn Has |rts%rt| thr' s|i'iee 

lirtWriii aii rxtrraaJly liratnl |Htvrr!aUi U\\^ .Oh! >t U at r r rttitli'if 
silvrr t tihr* ; hvtiroijtii aiul o\\!..a'ii urinhas il In ilor-aii'i;il iMit at tlii* 
Stirfarr !H.*ro|3ilr t’lMjlrd Urlow thr !»HJ|nraturr ol ra|»lt| i'rriJliilillUtf itJll 
liy thr illltrr rohl .\artarr. ’rilr- thlfrO'iaa' lii thr \i lorilv nf t||f|j|\|t>|| 

hyilro*frii nitti nxyitni I'aii a-Ko hr api'ihrii h) pavsiii^f 

thrinigh n la-alrd uiitihi/a-i! lulir ulirii, tin arr«»Hiit uf I hr iiion* rii|n(l 
passiirr of thr iiydro'irn, aii rxrrss ot i»\yr*ii is hr ioiiiiil 10 thr vajitinr 
issniii|4 fl’tiOl thr ttihis 

Lihviiisti'iii's*^ sort laid riaiHi%frs| in fiassimf a %lon' t'urrnd of uulrr- 
VH|Hnir tiiroipdi a tohr liratr»| to oaiaan !riM|trraf nrrs, afal rMiita.iiiiii|r 
■elosrt! |iIatifiUlil VrsM-l, P. attarla d U* a iii.Uioiorh r, M ilhl> lal. Tlio 

I i! « 

' IJ 

Ffru 4a. |y«j\ol4«t.r}ii.*-» a|‘|’- 0 'aO|s sljr »irr}'M'|.|,i 5 . .a -,4 

Wutrr-vapour disstiriatrd. and li\di'*»^a-ii pa-ssrd t hiaaitdi t lir plafiuuui, 
raiisini^u risr in pn-sMirr, n hirh l-MaMtur i•o^iHlant l«ir an\ on*-1rniprrat urc\ 
SiiH*r plntintmi funrtions as a sroui'irrnM al4r inrinhrain iii that it. 
is iiuprrinraldr to uxyarit and nalrmapunr, it ras\ Iu ralrtiintf 

from thr pri’ssnrr rri*istris-d by Ihr loanoirntr-r thr r\tt nl of disst-H’ial iim 
of the* sifitm, 

Holt ■* in Ills latrr rxprriinrnt s nsrd a idass nluhr ui | birrs rapai’ily 
noniitiniui^ n short lniiilli of jihitimini uirr “i^hirb rli-i'f rirall) liritliaL 
Hu* |,d<ibr wits rvarmitrd and thru rufinraird with it \rs*irl rttnlmiiiiiu’ 
Wfitrr, thr Mipour from whndi i-tassrii mfu tlir aioltr anil iiiidrr%\'rtit. 
pitHtid di.ssoriatiou in r-onfiirt. witti thr \\m\ Whni rj!|i.idihritiin was 
atfiiinrd hir tin* pnrtirnliu* tr-in|N'ritttirr rbosni, Ihr %r"nr! was tsinlod* 
thr gnsvs pimiprd <»ff ntid mrastirrd itftrr thr walri- '^a|ioiir had 
frozrii out. From Iht'sr d.itfit thr dtssiirntlnin iirrssiirr ridriihilrfl. 

lloll also riidravotirrd to drt*'i*imiir thr loHrsI lri*i|irr?itiiro lit. 
whirli wairr-Viipotir apjirrrtaldy drrontj.ioHrd in rtnitarl with liritttnl 
idatiimm wirr, Minutr i|imntitirs of nas %%rtr rulhrlrd at alttiut 
Tilif' ih No ihiubt. had it not hi'rii for Ihr stiliiluiifi uf llir in 

thr rondriiHrd vitjHitir at ihr roni'hision of Ihr Inioos 

vvouhl Inivr hrrn tlrfnird at rxrn h»wrr lrin|irnitiirrs. 

* Halt tirif.l Phil, Mmf,, fip, .arl i,raiiiirrs 

(*hem. lIMri, In Hmi. 

litHilii.s €imi4> nmi,, W»#. 45 , Mtl i IwKi. 

I#«*wiawt 4 ;»lis, /mlMflh llliifi 14, 

^ Halt* PML IIMHI, [fip 17. 7 lfr il«,|, fliis, 16. i»*i. 

iiah» ihuL mil, i3» mm 
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Bjerrum ^ employed an explosion method and obtained the following 
results for 1 atmosphere pressure : 

Temperature abs. . . 1705 2257 2642 2761 2834 2929 

percentage dissociation . 0-108 1-79 4-3 6-6 9-8 IM 

Nernst and Wartenberg have given several formute, based on 
thermo-dynamic considerations, whereby the percentage degree of 
dissociation, x, of steam at any temperature may be calculated. The 
first one ^ was used in a somewhat simplified form both by Langmuir ^ 
and by Holt,^ namely : 


log 


2(100a;)3 25030 

(2+a;)(l-£B)2“-‘-^' T^‘ 


1-2-65 log 


T 

1000 


0-00055(T-1000). 


By neglecting x compared to 1 and dividing by 3, 

log x=k-^^+0-88 log y^-0-00018(T-1000), 


where T is the absolute temperature. The value for k given by Nernst 
and Wartenberg is 3*83. Calculated from the experimental data of Lang¬ 
muir, 7c ==3*79 ; a slightly higher value is found by Holt, namely, 3*806, 
whilst Ldwenstein’s results yield the value, 3*80 (up to 1968° T). This 
latter may therefore be accepted as the most probable value for the 
equilibrium constant of water-vapour, oxygen, and hydrogen. 

In the following table are given the percentage degrees of dissociation 
of water-vapour at temperatures ranging from 1000° to 3500° abs., and 
under pressures varying from 0*1 to 100 atmospheres. 


PERCENTAGE DEGREE OF DISSOCIATION OF WATER- 
VAPOUR AT VARIOUS TEMPERATURES AND 
PRESSURES.^ 


Absolute 

Temperature. 

0*1 

Atm. 

1-0 

Atm. 

10 

Atm. 

100 

Atm. 

•- 

1000 

0-04556 

0*04258 

0-O4120 

0*05556 

1500 

0*0433 

0*0202 

0*00935 

000433 

2000 

1*25 

0*582 

0*270 

0*125 

2500 

8-84 

4*21 

1*98 

0*927 

3000 

28^4 

14*4 

7*04 

3*33 

3500 

53*1 

30*9 

16*1 

7*79 


Steam is slightly decomposed when subjected to an electric discharge, 
hydrogen and oxygen being liberated, curiously enough, sometimes a,t 
one terminal and sometimes at the other. The nature of the spark 


^ "Bierrum, Zeitsch. pJiysikal. Cheyyi., 1912,79> m ^ ^ £ i 

= See Nernst and \^rtenberg, Gottingen NachnoMen, 1905. Two later formulae were 

published, Zeitsch. phyaihal. Chem., 1906, 56 , 534. 

=• Langmuir, J. Amer. Chem. 80 c., 1906, 28 , 1357. 

6 Taken^rom^^summary given by Nernst, Theoretisehe Chemie (Stuttgart), 10th ed., 
1921, p. 765. 
vnp. vn: i. 
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apjH’urs ti» hv Ihr ililrrHaiiini: lartur.^ Wiflt liaa* s|».;i.rks Ihr l'i\liritt^fii 
appaairs ut Ihr 111**4:1!i\r aiii! tlir i»\\4‘-u at tli« |»i*if ; with sliurt 

.sparks thr ptiHiliaiis arr- nwcrHsil, aisil !h« pri»r«-s^ 1% ti» tlmf 

tukiUi^ plarr tu llir unluiar) rh-t'l !■*»!%♦»! Iapu 4 «.■*!* r. 

Stcnmit i\H ail C)K.i<lisin|^ UlaJi a nar. ut sl^aiii is luaih' 

tti pass a\'rr MiaiU' suhstaiHs s, u la th* r lu^ tal--* »*!' umu ta« I ah*, 
fraqiuait I\' taki-s plats", iiat! u‘tihtrl% a! s'h\af^'»| I * mp* rat ills s. HtUs, 
at trniprraturrs alHt\ r IlHl i . sulphar it ItMlIi msiiIismI ..iiul rr«iiirii| : 

as ‘Jlt.s Sii,, 


VVitii phtisphurus a! ‘iatt i' : 

JIIIJI 2V VU, ■ ll.Ihl,. 


Whtii strain is alluunl to iiiipiiii,a' upMU aHMiah smi! ri»kr, ii\ 
is lihrratrd aia! i»\alrs at' rarhou an- tiiriia d. \t rrlatnrl^ law tna. 
ptaiif urrs, sUf»h as ailO fa tillO C'.,thi- inaia pisHitirf % arr h) am! 

anrhcat dinsitlrs lliiis : 

(i) |H4.nin raluiirs. 

At HHIO C*. ami upuanis a nusturr nt' liMlrMrs n am! rarl»«ai muii - 
tixidi* tlii* sirmaiUsl uiiin is!t»rim d, ihr luu pasrs Itriup i-irrsrnt 

in iHpinl vnhunrs. 11ius ; 

(ii) i ■ II. ((I IL TJJtm r;df»rir%. 


At tiinpta'uturrs intrrinrdiatt- hrturrii ih* Imi-i raanp a imsfiirr uf 
hydrnju^rn ami tixnifs uf mrhon m uhtanad, fir |a-rrriit»iia at rarhnii 
mnnoxidt* iurrmsmu iidli thr trinp» rat ins , that mI' flu raiiimi dmxidr 
<h‘(’rrasinii. 

From thr rt|natmn 


(hi) Cdl IIJ) ' t’O, - II, - rahnn-s^ 


it is rvidiid that uny viinatiun in thr piTssiirr un tiir s^sfrin as a wlmlr 
would 1 h‘ without any ntllurnrr- npnu thr r»|inliliriiini, iiiasinnrli as no 
t‘hnngi* in volunu’ is ndrodiirrd h\ anv iinoriiir-nt nl thr- r'i|inhhriiiin 
from rii^ht to hd’t <*r in Ihrrrvr-rs*' dirrrtiufi. {'Iriirr'lhr %aliir hit* li in 
thr rxpress!on 


VO ! HjO 
VO^ i 


K 


ur 


Pr,n 




is indt^pcaulrnl of th«' prrssuris 

Sinrr an inrrrasr in tianprraturr ttaids In -sliifi thr sfiitr' t»f ri.|iidi-' 
h-rimu rrprrsriiird in ta|ualioii |tn| frnin riiflif In ii |t»ll*»ws that 

thr valur for K wilt risr, I 1 iis has hrrn r\|ir-rniiriitall\" riiiiltriiird fur 
triuprraturf*s hciW'iaai THU and I tOa ’ F.,* Ihr is'stdls hniin as lidlirtt" : 


* J. fl» Thtilllioia Ur-ArtifthrA »#i KhrhuAhf nimi :s»?» |l'Ijtl’rildMii 

1S03}. p. sm 

^ ^ Hw ymiii iiticl liinitittih J, rtwirr. (%rm, i 1 l|s, 40 , Ilii;* ; ICiiipliill iiinl 
ibki^f |K StIH; Hiif! witl iOiif, llrr.. 40. tllHi i i\imm ttinl Uiimiti, Tftin.'S, i%tni. 

Hm., Ig19, 35 , 24il 

® Tluii rraetifia lirniiiii mi uUm mu V,, fttnl !««»' i’". mmw' Irri |»-r rriii, .4 ilin 111 
i« n» (*(h iKitiiiiiiaia witl PinOa, ikr., li, ;fsii.|r liiiil mi*l ilrtfifpinii 

f*/. ( Attfh tSur,f, iHlIa, 13*, 2H2i tliw»»v«-rrd thr ni«-t ilsjii #irs»iti rstifistrn i'll nitwit titdiirfriii 
«|mrlc» lira pAnaisI thri»w«ti tln^ nam'il pjmm, 

* Httlm, Zt!i(Afh, r/irw,, n.Hri, 4a, tOsS; 44, ,, iiwi-n 4S. TII:#. 
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9\nnporaturo, (1. 

C0+H,0 

COj+H/ 

780 

0-81 

880 

M9 

080 

1-54 

1080 

1 -95 

1205 

2-10 

1 14)5 

2-49 


In tlu* (‘(yninuTcial prc^paratiou ol* hydroj^nai, siiiee (•arl)oii dioxide is 
inon‘ (*asily nanovi'd than ih(‘ inouoxid(‘, th(‘ aim will clearly be to 
work at a low l.(‘inperatur(‘ and thus n^ducc the i'nwtlon' pcojpco, 
to a miniinuni. For tlu‘ production ot wat(‘r-^-a,s, on the other hand* 
with a maximum <*omhustihle (‘dicncauy, the perccmta^^e of carbon 
(lioxith* must: be n‘(hicc‘d to a minimum, and hi^di t(‘m])era.tures are 
cssiad iaL 

Tin* reaction bet wt*cn steam and (‘arbon is lacilitatcxl l)y the ])rcsence 
of (‘(‘rtain inor< 4 ;ani<‘ salts, such as the (*arbonat(‘S of sodium and potassium, 
which fuiK'tion as <'atalystsd 

St(*ani rcsu’ts slowly with silicon at \vd hi‘at, hydroj^uai bciujir 
evolved, whilst the r(*sidu(‘ consists otsilicsi. 

Wlasi clc(‘trolytie iron toil is lu‘ai(‘d in st(‘ain to about (k, 

tarnishin.ii: bc«rins to take j)lae(‘. At MH)' (k a small but nusisurable 
(plantity of hydrojL,a*n is fornusi, and tlu‘ V(‘lo(‘ity of the r(si(‘tion in- 
(‘rcascs rapidly with further ris(‘ of t<‘m])(*raturt‘. Thc^ reaction appcsirs 
to tak(* place in three sta<>:t‘s, involving 

1. Dissociation of the st(‘am, 

H,()x 10. 

2. Formation of ferrous oxide, 

Fe t 

3. Oxidation to ferroso-feri'ic oxidt*. 

3Fc() I (), >F(‘ 30 t. 

hor cu’dinary iron sliax iuji^s, th(‘ low(‘st tcmpxu’ature at: which hydro^^eax 
is evolved is about 3(HX and t lu* o}>timum yield is obtaiiusl at 800® 

If the reaction is allowed to tak(' phux* in an enclosxsl space, it does 
m»t proc*eed to completion. Fapulibnum is s(d. up, and the reaction 
obeys tin* law of Mass AedionA The initial and tinal sta|^a*s of the 
equilibrium may be r(*pn*sc*nt(‘<l as follows : 

3F(‘ 1 tIUOv >FeA t tlD. 

* Tiivlur lital «/, Anur. (^hem, Hoc.^ 1921, 43 , 2055. 

3 Fri<nai» ./. 11’# .^^ Heotland Iron Strrl 1910, 3 : 7 , (iO ; J. Iron meet ItiM.f 1909, II., 
172 ; Hf*e this w‘ri<*n, Vt»l. IX.* Pixrt U., p. 4H. ^ Uatenaann, (Jheni. Zenir.t lB9(t I., 952. 

^ HiiH Wiw timt pmvtMi hy Deville {Annulmi 1871, 157 , 71 ; CompL rend,, IB7(), 70 , 
1 lar», 1201 ; IH70, 7 x. :i 0 ) swcl C’hamlnm {(Umipi, rend,, 1914, 159 , 237), and Hubsequcntly 
rontiriiifd by Frintiita* {Zriimdt. phyrnknl ('hem,, 1904, 47 , 385), and Hnhreinor and Grimnea, 
Zrikth. antmi. ('hem., 1920, X 10 , 311. Scs* alao h, W()hltn‘ and Pragor, Zeitneh, BleUrochem., 
1917, 23, I9!>. 






I)t‘siirnaiiti‘4 tlir prrssurr «*f uati-r as ulini ri|iii!iliritiiii li;i^ 

hrt’U rfsichrtl^ aitt! thr li\t!nnt«i» prrssurr as /i,. Pri uia r oh!aiitrti thr 
niraa \alut"s fur IIh* ratio p, : 


aVi!i|«'rsUure. V, 


mm 

O'laj 

1025 

O-TH 

1150 

0‘Ht'i 


I'lif su|H‘rrKnnl u\itla!ii»n t»l* iron uith sU-mn iiM-d li"i'huinilly ns n 
luanns (vf |m'»ta<*tiu4 ttio airtal a^auist rorrHsiMii. ThiH i\ I la |vrHiai|i|t- 
of the Bowar-Barff |n‘tH’r'ss. 

Wlu'ii Ntrniu is pnssi d o\ t r inoh iHirutiui »it lii^h tf"Hi|i«.'ratur«'s, 
hydn^at^n and luo!) hdi'uiiiu dto\idr an* *rht' rraidoai ts 

r(*vc‘r.sihU% and lias hn-u shulirti from tin M.|udd*rioiii faaid of \ irw ovta* 
the tciupernture raoui* T<Hi tt» I Httt T. 

vMoO.. 411,. 

It is found that tlir vaturs for tin* t»|uddaiuiii roiisf.iiidd i$ain«'|\, 

K pn.^., p.K_^ 

obtained by tlu' iixidatnai of tbo Hiftal a^is-r-s |\ ndh flifit Inan 
naluetion <»f Ua* diosuh' ui hydro||rn.'^- .Strain has no a*'tn»ii on eopprr 
or eiiprous o\idt\ but c»u|irie o\hI* dissortatrs in strain \irldin4 eu|jrous 
oxide. Ma.4Uesittin readily iniutrs in strain yn"1dini4 ntaiinrsmin nxtdr 
and fret* hytlrti^eu. At retl h» at luekrl sh»nlv tlretiinpost s sti anu autl 
etibalf bee<aiu*s superrieially tisaiiset!, l*in tleeiiii'i|*osrs \fraiit at red 
lient yieldiuii the ditaxitle, SnO.^. 

iMeiidlie sulphides are tleetunposed by stnilil at lii|*li teiii|ieratUfes. 
At iu(‘ipient- retl lieat. ferrous sidpliidt* yields inai.tnetie o\iilr as follows : 

nVvS I , uii,s ^ II,. 

At lughiu* teuiperntureH sulphur dhixitle aiul sulphur are |iriidiieed, 

Lt*a<l sulphith* at hri^tif retl heat yields the free inetiil : ^ 

dBbS ^ nPh *i!l,S ■■ SO,. 

I SO, 211,0 ; IIS, 

luuh proladdy, it> a stuall t*xt,eiit, 

BhS t 2SO^ BhSO^ ^ 2S. 

for a litth* Iciul siilphatt* is _||eiierally* prtMhieial stiiiiiliitiiritiisly. At 
white heat euprous siilphitte is eoiiverttal iutt» iiielallie eiip|if-r : 

ChuS f-2lOO 2( u ■ SO, ^ 21!,. 

^ Clhiuairuin (‘miipi. rrmi,, ll»2a* 170, iH’i. 

® The itefirtn «»f «teiiit* mii flaiyHlea iai.« l»ei*a at ii .rtiiiiifiir iiiiinnrr In* es<ii 

Zdtnrh, ammj, t-lmfu, 11121. 120, 207. Ihuitirr, 1 I Will, l#fa. M*ri. 
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Detection and Estimation. —The presence of water in a gas is 
easily recognised by the increase in weight suffered by desiccating 
agents, such as phosphoric oxide, sulphuric acid, anhydrous calcium 
chloride, and anhydrous copper sulphate when exposed in the gas. 
In neutral organic liquids, e,g. ether, chloroform, acetone, etc., calcium 
carbide supplies an easily applicable reagent, which can also be extended 
to the estimation of water of crystallisation, the volume of acetylene 
liberated being proportional to the water present.^ On account of its 
ehiuige in colour on hydration, anhydrous copper sulphate can be used 
to detect the presence of moisture in organic liquids ; potassium lead 
iodide has also been recommended ^ as an especially sensitive indicator 
in such cases, the colour of strips of paper coated mth this changing 
from white to yellow when immersed in a liquid containing even minute 
traces of water. ^ 

The estimation of water in a substance is almost invariably effected 
by drying ; gases are passed through the desiccating agent, and the 
inerc^ase in the weight of the latter is recorded. Solids are placed in a 
eoidinc'd space also enclosing the desiccating agent, or may even be 
mc'rely lieated in the open atmosphere, the amount of moisture being 
measured in either case by the loss in weight.^ 

^ Maaaou, Trans. Gheni. 8oc., 1910, 97 , 851. ^ Biltz, Rer., 1907, 40 , 2182. 

^ See Huntly and Coste, J. 80c. Ghem. Ind., 1913, 32 , 62. For the special methods of 
“ hygrometry ” see Chap. VI. 



tUAPTKH X. 


COMPOSITION AND MOLECCLAR COMPLEXITY OK 

WA'LER, 

COMPOSITION OF \V \11vlL 

"Wateu w'm, a<Hnirdin»| Aristt4i'i*-nn , an i-li-iiirntar) Htib» 

htaiUH*, <»!' tiin |tro|trrt\ nl nunstur-w a.iHl !i«|ui«lity. In 

17HI (‘u\*riuiisli sluiWfd that untrr nnultt hr iiiifainni h\ |»a\sin»f i-h rtrir 
Kparks lirtwrcai tnrnhniils snrrnuiHi*'il t*y a nnxlurr nf asr am! hy«lr«»nrn, 
and sati,sf'nHt hitnsrlf that fin* hquid Mhluinnl tmdrr thiM- lainditn»n% 
was lint always uihth His rsprruia.Js nidirah'd that fin- |iru|H>rtiiins 
liy Viiluun’ nf hytirni^rn and r»\yi»rii uvrd n|* in |»rt»duriiii.! wafrr urrr 
apprnxiinntnly as 2 : L 

In 17H«J Lnvnisita* idlinvril watrr In drn|* mlM n yiiidsirrrt lii'ittrd 
In rt‘dnt*ss, and* by tin* hydt'ua**n and nudrnniniaisrd sh-ann 

<‘n.nu* tn tin* <*tau*lusi<in that Widrr ismtam*» h^rlrin-nni and nsv^'^'n in 
the v<ilunn*trin proinnlitais nt* i n ti» 1. 

Mnn^t* iti ITHH ^ adtijitt-d thn thru nrw jiriiMa|4r u|' mrasni'iny thr 
volumes nf tin* mnling i^asns uiul ndi’iilntin^ hy inriins »»!' Ihr diiisitn*s 
nf thr frnrn tin* vtihmn* rutn» tn tin* nniss rain*. Thr lalnr 

obtaiin'd fnr tin* fnrinrr rat in was ajij*rn?ciiiudi ly *i : L Ltd his tliita fur 
ihr rrlativr driisitirs nt* On* gasrs wrrr fur fnan arniratr, 

Frnin thr idra, nrigiiiidly snggrstrd hy pTn-HlIry, that thr |irrrrnlagr 
<>!’ nxygru in thr ntmns|iln*rr vitrinl rnnsuirriihty* and tlud tin- inrasiirr-* 
inrnt nf tin* prcipnrtinii nf nxygrii was rquiviilr'iit tn a itrlrnniniifmii nf 
thr giKKlnrss nf tin* itir, thr apparatus iisrd Inr tin- tlriiTiiunatiiiit 
nf nxygrn was trrinrd a t Thr first “ rsplnsnai tiidnr 

lurtrr was that nf Vnlia.^ Siiu'r that tiinr d has hr'rnnir- riisfnntary 
to apply the* irnu *M*udionirtrrtti all luialifiratiniis nf gas analysis 
apparatus, ihr prinriph* nf whirh is hasrti nit thr r\plt.»sinii nf gas in a 
gradiudaal vt*ssrl nr tuhr, 

Aiintlirr invrstigidioii nf histitrirul iiuptirtaiirr was that nf llrr/.rlius 
and Dulniig'*^ in 1820 ; thrir lurthnil was int|*rnvrd li> iHmuis in tHIlf 
who rstiiuatrd thr muss ratio nf hytlrngtat In nxygrii In’- iiassing piirihrd 
hydrogrn ovrr liriitrd e*nppt*r nxidr : thr wn,||lit f*f watrr prndtirrd 
was fnnnd liy dim*!, wrighiiig, that nf ihr nsygm In thr loss in wriiihl 
nf tlu‘ rn|)prr oxieir aiai that nf thr hyilrngm hy diffrrriirr, thmiiis’ 
mean rrsult was nxygrn : hydrngrii 7-im : C and iiidii .Lshs fim, was 
tin* most rrliahlr work dour. 

^ Moagr, Mtm, Aead. Sru /*«m, tlaa, p. lH. 

- Valt», Ammli di Vhimim^ 17^1, I, 171 ; I7|l|. :»ii| ; j, an 

^ aitd Dufiiig, /hi«, fViiwi. ls;!is ami. 

^ UmuM, lS4a, 8, IHII. 
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ihcsi‘ early (‘xperuueuis are oi* iiii])ortaiice as marking distinct 
a(l\ unees m our knowlc‘dge ot the methods for demonstratino' the 
eompositjou ol eom[)()unds. However, in common with Lavotsier’s 
prooi (l /Hd) ol the eom])osition of water by decomposing steam with 
heatt‘d ir(m, tlu‘ nuThocls have been improved both by modification 
and substitution. Thus the nuThod of Dumas is not capable of such 
aeeurat‘V as was at oiu^ tinu‘ l)elii‘ved, whilst the standard investigations 
oi wSeott, Morley, and Hurt and Edgar may be regarded as a later Stacie 
of (Im elopnu'ut of tlu^ r(‘S(‘arelK‘s of Ca,vendish and of Monged 

1 he rat io ol th(‘ amounts of hydrogen and oxygen in water is a number 
which in llu* past was perhaps of (‘ven greater importance than now, 
be(*aus(^ hydrogen is no longer generally accepted as the standard for 
atcHuie weights. \Vith hydrogen as standard, each increase in the 
a<‘euraey witii which llu* abovc‘ ratio was determined involved the 
alt(‘ration ol th<‘atomic* weight of a. eonsidc^rable number of elements, 
h(‘eause hydrogtai is not suit(‘d to dirc'ct comparison with many other 
elenuids. Tin* majority of modern (Uterminations ot the composition 
ol watc*r have l)i‘en made by .synthetic ex])eriments, but by so many 
differtad prim'iples and with sueh a variety of forms of apparatus as 
to justify al)solutt‘ eonlidence* in the acee^ptance of a value V)etween 
8 : i*Ol)(55 and 8 : D()()85 for the ratio of the quantities of the two con- 
stiiiuaits ; tlu* geiUM'ally aeee'pted value is 8 : l-()()8. The exemplary 
inv<’sligations of Morley and of S(‘ott have been of great value in 
j»roviditig trustwtyrt hy liguri's. Morlt*y, by weighing hydrogen in the 
adsoriaal condition in palladium and oxygcai in two large glass globes, 
and sul)se<pic*ntly allowing these* to eombim* in a, sp(‘cial glass combustion 
apparattrs in which llu* water })ro(hie(‘(l was subsequently weighed, 
oifiaimsl tlu* ratio ():2II 7dK‘P.)() and ILX) : 2H 8*9302. Also by 

exploding mixtures of tiu* two gases and measuring the residual volume 
of (he ex<‘ess of either, lu* arrivt'd at the ligur(‘s 1 : 2*0()2G9 as the relative 
volumes entering into combination, and tluai making use of the relative 
(haisity of the pure* gas(‘s 15*9()()2 : 1 which he* had determined with 
extreme aeeuraey, ol>taine(l by ealeulation a second independent value 
7‘939ii : I for t he mass ratio O : 211. 

The* method of Scott somewhat resembled the hitter procedure of 
Morhw. 11ydrogen and oxygen of a. high degrex* of ])urity were exploded 

it»getlu*r, and tin* relative volumes disappearing were found to be in 
tile proportion 1 : 2*002 tii at I L' C’. or 1 : 2*00285 at 0*^ C. Lord 
Rayleigh s earlier determination of tlu* rehitivt' densities of the gases had 
yii4(ii’d tin* figure 15*882 : I {or 15*900 : I corrected to 0“ C.), and using 
this io convert his volume ratio into a mass ratio, Scott arrived at the 
value () : 2H 7*931 : I? 

The* aec‘ura<*y at (aim'd by ilu'se two invc'stigators has received strong 
iXinfirmat ion by a r(*e(‘nt very careful redetermination ol the volume 
ratio, the vahu* found lieing 1 2*00288 at if V. and 700 mm.^ 

* F<»r ethrr inventigatiniiH on tho conipoHiiion of wator, sec Cooke and 

Hiehitriis. Awtr. f/ew. IHHH, lo, HU; KeiHor, ibid,, 1898, 2 o, 733; Erdmann and 
Miirehiincl, (dhim, Plu/.'i., IH43, [31, 8, 212 ; Noyes, Amen Cheni. X, 1880, ii, 441 ; 
IH9I. 13 . 351 ; U'due, Pmnpt, rend., 1892, I15, 41. 

" Mtii’Iev, itw/i. phffMtkal. ('hem., 1899, 20, 08, 242, 417 ; A)ner. (Jhem. J., 1888, 10, 
21 ; 1893. 17. 297. Setfalso Noyes and dohnson, J. Amer. (Uiem. Hoc., 1916, 38, 1017. 

8rott, J'ini. Tram., 1893, 184, 43 ; Rayleigh, (Jhem. Ncm, 1892, 65, 200. 

^ liuU iuni Edgar, Phil. Trans., 1916, [A], 216, 393. 



uxvtaiN. 


Ti>' sulu tip, IliiiH'fun', uati-r ^ 

Iti p;it‘t^ oxvijtii tu 1‘iHtTt*- - 2 part** u! li) ; 

err {h) I Viiluiiu* i4* o\V‘4*'ti tit *^ iHV2ss %ulniws ut' li) 

THK \HlLKiiM*Alt nmVlKKlVX iM-* WA'rKH. 

1. Ice. a stm!> hI' Xa-.i) pla*!nl la*. . Mriiiiistiu •• 

etiin’huli’N that thi' iiitih-i'iilar iitriHiila iur Mrihuai'> dl Jtc.. I1ir 

irfUfrahtpiiiiiai i»f atn'UUHt'*, i»as= if mh ”>iij t-asiMn ^mit Htln-r 

phy.sii‘al lurasun iiiriits ul la|ua! uairr. ia^oui-. t hr \ a- n th.!,! ir*- i% luitrr 
rttmplfX Ihau thi%, am! tanisists *4' iiinh-atjl-f s umh*- i»l whii*li art- h %% 
ctau|.iir\ than triliyilmK tHAh.i. 

2. Lil|yid Wvlter, ‘rhr I'riait iiHptaiaii*** '«*t lit|iiii| «atfr an a 
Mihail! rnultiN a sltuly uf its luMhi-ui.ir i‘uiuph-\it\ nar oi siii4tihir 
intrraht. 

That, watrr in tha !li|Ultl .Ntut»' is as^'iniat* 4 !*» an /Iiipmialth.' r\trltt 
has l,H*rn rrcuj.piiM”4 Ihr many \ * ars. aUhuUch it u«4 n 1! pta.%iltli‘ 
til dt'lriMuilu* thf qnaut italic I- lAt-? nt i4‘assuri.ilaai uifli ,iii\ ariiir^ir) . 

14ms Ili'tihlrumliahal, as t.hi' f»‘-ail! ».4 .in in^ «■ s| i!„-;af nai i.4 fht,' 
imiUimlur rrl'ratlu it\ i4' that nairr is an uir.iituratrl «’t»in|'.Hninil 

nnutainiii^^ tftnAahut ii\yi*t n. 1‘his \iru is in infuT liariinasy vuth 
thn riAults iiiACiihr'd Ih'Iuu. amt suppln s an rvplanafitai h»r lla- 
n*adiiu‘ss <4* watnr tn hirm aiiriitu*' rMinpiaimts, r■,|iiTiall;\ «ifh salts, 
in wlunh <iiM' tin' athlril uati-r is ri*iiinM«nl\ hiarwn as Wafu' n! 
(i'Vst allisat iniu* 

As u grnrnit rnlts it mas hi- said that thr «-ff* *•! o| nnih-ridai’ assn-ria- 
tinn (.4'a liquitl is In ruhiti' its sapmir piassmas \ an dm W a,.a|s ■* has 
slmsvin iVnm tluam tind rnnsitli ratmns, that 

h»l4/V hi|4 p /i 

svluiT p is till’ sa|H»ur pmsstirr nl a Inpiid at tin- ahsMliit^ nri’ 

T, fv itiui IV till’ iiitHitI pivssurt' and trmpi-ndiir*- ri-spninrh , aaid k a 
ennstant within tvrtuin limits. Xuss ” has iMuntl tiril Inr at! 

imn-ussni'iidrd titpiitls, llu’ saint' lor k a|i|Hii\iman-s !** «l, thr aiiind 
nu'im Vidlin fur sixtiaii Inpuds msa^stnaatial h\ lutii hs in^ «l y*».^ 
Wiitnr, IiU'WnVrr. gisns tlm sadm* d’‘2n Itt indifatisf i4 ii|*|#rrrtal.tli' 

iis.Hueiaiitan 

as-suciatiun ruduti-s llm Siipunr prr-ssnrr uf a iiqind, it lullmis 
that tht‘ImilingqHiint ssall hr ratsud siiiiii!lam'«.m%ly, Stm saidt Huff* 
has shossii tliiii tlm huilingqiuitit is |tru|ii»rfii.inid U* flit' mitifiailitr 
vulnnu*, luul cnhiilntfA tliai fur thf’ siinph' inulriiilr' fli** 

* Ftir full diiiiih af liiiitlinii »4 tlit» rf*in|ws.«nMii »4 •s.i'Alrr ».iii4 tip- anamr 

sveighi uf hytlrnpt*ii, m.‘i* lhi« wii'fi, Vof II., llnip. II. 

® Ufuttmnn. C-7ff«i. Hl’ih I.ar2. ai; Ifi4r« iiir!ii»«p |7a|j, li«‘s»c'!r, lain 

9* Ha, ^ liniia. Ilti”., |Hi:s 

* ('um|»iirt» VumpL nml,^ iDtl, 15 ;s 

Vitii tbr WiMik, KttnUtiuiiui gm/urmt^p ti nml jhimniirH lUnimu^. I'i *^'4.» 

IH8L Nao iiIhm NtTiol, Thrmditif'hr i.'hrmir Intli **4., I!C?I, |*. »Mt, 

Ytaiag, PhiL |a|, 34, 

‘ StH' liaitwity, Pfm\ Hm(, iSW., IHII-I, 56, 111, 
viui’t Hi4l, Lifiurrn tui II4l 

(Anialti* Pm% IIL, p, fiL 
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oi water under atmospheric pressure should be 65° abs. The fact 
that the boihng-pomt is actually 373° abs. clearly indicates appreciable 
association. ^ ^ 

When the boiling-points of the hydrides of sulphur, selenium, and 
telluiium are compared,^ it is evident that the boiling-point rises steadily 
with the molecular weight. 


Substance . 
Boiling-point, ° C. 


H^S HgSe H,Te PI,0 

—62 —42 0 +100. 


Water, therefore, if it conforms to the general rule, must have a molecular 
weight greater than that of tellurium hydride, viz. 129-5. Tins suggests 
very appreciable association. 

Walden ^ has directed attention to another fact of a similar nature. 
Methyl sulphide boils at a temperature 60 degrees higher than methyl 
ether, and ethyl sulphide 56 degrees higher than ethyl ether. Thus 


Boiling- 

point. 

( 011 ^) 2 ^ . . 37° C. 

(CH.,),0 . . -23 

Difference . 60 


Boiling- 

point. 

(C2H5)2S . . 91° C. 

(C2H5)0 . . 35 

Difference . 56. 


Hence the replacement of oxygen by sulphur raises the boiling-point 
on the average by about 59 degrees. Now, applying this rule to water 
and hydrogen sulphide, since the boiling-point of the latter is —61° C. 
that of water should be 59 degrees lower, namely, —120° C. The fact 
that the boiling-point is actually +100° C. shows that considerable 
association exists at the boiling-point. Further evidence of the 
association of water at the boiling-point is afforded by an examination 
of its latent heat of evaporation. Trouton’s Law,^ usually expressed in 
mathematical form, is 

MZ/T=constant, 


where M is the molecular weight, T the absolute temperature of the 
boiling-point under atmospheric pressure, and I the latent heat per 
gram. 

Now Walden ^ concludes, as the result of a large number of measure¬ 
ments of normal substances, that the mean value to be assigned to the 
constant in the case of non-associated liquids is 20*7. If the observed 
value is appreciably higher than this, association in the liquid is to be 
presumed. For water the value 25-9 is found, which again confirms the 
view that water is associated at the boiling-point. 

Evidence of the molecular complexity of water is also afforded by the 
results of viscosity measurements. Experiment shows that, for non- 
assoeiated liquids of analogous composition, 


^ X10®=constant, 

Mv 

where rj is the viscosity coefficient and Mv the molecular volume.® 


^ Vernon, Chem. News^ 1891, 64 , 54. 

^ Walden, Zeitsch. physikal. Chem,, 1906, 55 , 683. 

^ See this series, Vol. I., 3rd ed., p. 157. 

’ Walden, Zeitsch. physikal. Chem.., 1909, 65 , 129, 257, 547. 

^ Dunstan and Wilson, Trans. Ghem. Soc., 1907, 91 , 83; Dunstan, Zeitsch. physikal. 
Chem.., 1905, 51 , 732 ; Dunstan and Thole, Proc. Ghem. 80 c., 1907, 23 , 19. 





Fur Ihr iuajurit) ui siibstaiHa s tin- ^ alur Imi- tiu- ritit%ta,iii raii? 4 f\ iVum 
25 ti> al'HHii 7iK III thr uasu hI’ assiH'ialt d lu|uit!s, tin* •* \ahuMif 

tlu* i‘Xprt*ssiu'a is liruatly iaurrasrtl. Fur %^atrr if is niurr than twrlvc* 
tiiufs as ^ri‘at as fur thr aikyi riiluriilrs r «*!' \rry a|*|»m'tahlc 

assutaatiuu. 

In IHaa Ku|i|'i ^ 'shuwi'i! that thr inulrrular \uluii}r’’^ ut a li<|iiit! may 
hu ru^ardt'd as an adtiili\»- pruprrt), In-un* Ihr siiin uf ttir utuinif 
vuluiufs of Ihr ismstituiMd i-lniirnlH uilh urrfain rrsfr\atluns.*^ *riu- 
uhsurvud iiiulutadar \u!mnr i'ui* \\at*'r, hu\vr'\ri\ larttrr than that 
ealcadaifd ua an asstutijdiun r»t' a iuith'«nilar ^u-itdd ut' |h iiultralivr uf 
ulmunaalit y. 

Frum tlu‘rinua‘ht‘miral uunsidrraliuus *riiuinHtii ^ uas Ird tu intVr tlu* 
prustaua' uf |Hilynu'ristal mulrunlrs, in uatrt\ hrriin\r" tlir hrat r\f!iaii|»r 
during thr hydra!iun i»l‘ rriiaiii suIIh uutdd hr r\|4aiiird must satis- 
lariurily uu thu assnin|ititat that uat«r «!d«'r«d iiitu umnlnnatmn in 
tlu* furni ufiiuuijlu mu|« unh s, 

All the* furrjuhni? inrtlu«!s, luu\r\rr, ais i|mihtatHr m rharautrr, 

A usuful mrtluHi uf drtrnmmu*! tlu- Iinantila! i\«■ mulrrular ruiir- 
|ih*xity uf a |>urt’ ht|mtl hrs m nu'asiinna its surhus t»nsiini and I'altni" 
latin^ tin* auslurular uta?*ht in in'ian'daiirr uafh fhr nulliud r\|ilatnrtl 
in Vhdunu* I. (3rd rd.* ItHth p. K5I-I trum Ihr ri|nrifnai 

nlMh Fj A’lr di, 

whuru if rt’prrsrnts Uu- surl’anr tr-nsu»n, M' tlu- iiudri’nl.ir ■uiivFd* ♦ tlu* 
s|H*rifi(* \ uhunr, am! /.' a runslaid, Ihr niran \alitr iur vUm'h has hrrn 
dnturiniinal as 2 'I 2 . r is tlu* trmprratnrr nu asurrd d*»unuiirds f'ruin 
t-lu' uritiral trniprratnrr a! uinrh llu- siniaur l» nsiun has Itrni iru'asurMh 
and d has a valun appruxunatiug tu it. ‘riir m| usMuiniitiH, j\ is 

^ivun, in tlu* uast* ul' uatnx hv thr rxprrssiun 

.r !^FAI M IS. 

assuming muimhydrui ur II dd iu hr thr nurinal tinassurndrd mulrrnlr, ,\I, 

1'lu* vninrs uhtidnrd fur r a! trmprralnri s ranunn>» i’ruin n tu I2II Ch. 
as i^ive'ii hy Hainsay and Shirlds» ari- lirlailrd iit flir hit it rulumii uf Ihr 
iaialr on |n 2IHf. It \\ill ht'ohsrrvrd that at Iuh trni|ir'ratnrrs l}ir ivatia* 
appears to itp])roxiiiydr to thr trtrah>drut inuh-rtilr. As Ihr 

tt'inprratun* risc*s, tlu* mran motmilar wrndd hills t*i inri'r-asiii*^ 

ilrpnlynu-risHtiom 

It has already hem meidiumah hour^tr, that Ihr laltU's fur thr 
suriatH* i(*nsio!t as delrnniard hy Itamsny and Slur his arr iiiurr tliaii 
2 per eeni. Ichi hnv in eonsrqurner of a sysftinafir rrrur t hriaiidtunt thr 
series. Assionin^ ilie ahtn'e rrtafaatship hrtHrm #i uiiii to tit' strietl}' 
true. it. follows that tlu* det^rrr orassuenilion of thr wall r is iuui r tfiiin 
that enlenlahil, 

Anotl'ier inetluMl of c*almlatiiii| Ihr mulrr’idar ruinplrxit\ friim 
surfaet* ic‘nsion is that niveit hy Dntoit and MeijuitiF who tiiiphiy the 
formula 

hi«i pi ii-y 

* Ki*|a*» tall, 1103. * •M«4rriil*i.r »lii p|i’'4 hy *.liai*-4ev. 

•* Hrr HrirHlwtiiuu Hrr., IHH7» ao» 7iitl; .lnwilm, fsim, ll mh liai 

/iff,, IHUfy 28 , 4ia, 2722, 272.H, 2112-1, mm i IsUtl, 29 , | 2 ti:i, 27:i2 , |i. 

Campi, rrmi., IHIIU. 128 , llotl. « Ifrr,, iHsfy 18 . imn^ 

^ Itutrit iiiul Mujriu, J, VMm. ph^*,, IIHW, 7, IhT. 



(OMPOSITION AND MOLECTTLAD COMPLEXITY OF WATER. 299 

\n1ku a is t iu cohesion, dclhied by a“=A/*, k being the height 

to winch a iKimd asevuds m a capillary tube of radius 7 " and p the 

^ must not exceed 2 atmospheres. 

Ihis latter ivs n(‘iion p aces jin upper limit upon the temperature and 
pre\(*iits tlu‘ tormnhi trom being used to determine the molecular 
aggregation oi watm* at the critical ]>oint. The degrees of association, 
Ji, as ealeulated by this Oriuula at various temperatures, are given in 
the tollowing table, to^Tlua' with tJiose (.r.) calculated by Ramsay and 
. hields, and also (.r.j) by t}u‘ Ramsay and Rose limes formula, 




•12 


(1 +at). 


It will l>t‘ observed that l)oth and .r.j are very much less than 


decrkp: of association of water. 


■mjH'rat arts 1 

Spceilic 
(’tihtssiou, 

Vapour 

Pn^HHun*, 

min. 

(Dutoit and 
Mojoiu). 

^2 

(Ramsay and 
Shields). 1 

.'C3 

(Ramsay and 
Rose Innos). 

0 

Lt-02 

«t*5S 

2-52 

0*81 

1*71 

20 i 

Lt-tl 

17*4 

2*41 

0-55 

1*04 

to 

lo-sc; ! 

55 

2-00 

0*18 

1-58 

(50 i 

IS'Sl i 

1 to 

218 

o-oo 

1*52 

SO 

i I2-T5 

055 

207 

2*83 

1*40 

100 

' im:i 

700 

1*00 

2*06 

1-40 

120 

j 11*50 

1401 

1 

1*85 

2*47 

1*35 


I'he Very serious divergenei* ludAveiai th(‘ values for t%, and 
calls tor explanation. Attention has bt‘en very usefully directed by 
Dutoit and Mtjjoiu to the ra<*t that nioh‘(*ular wiaghts, as determined by 
snrfa<’e ti'nsion phenomena, are most jirohably, in the eas<‘ of associated 
liquids* only the particular molecular weights of the surface layers of 
the* li(|uids. If the litjuid is not associated, there will, of course, be no 
diffenans' lietween th(’ bulk and tin* surfaces ^I'^d the molecular weights 
ealcadated from the above formuhe may lx* exfiected to be correct. 
Hut where association takes place, it is highly improbable that the surface 
layers will pt>ssi*ss the same state of aggregation as the interior. The 
prolxdhlity is that the ass(K*iation will he a(*centuated in the surface, 
M) iiinl the ealcadatisl moh*<*ular weights will Ixt too high. 

The iudy eonelusion that can lx* sah'ly drawn from tlie above; data 
is that water at ail temperaturt‘s Ix-tweeu 0*^ and 120^^ C. manifests an 
appreeiahle degrt'c of asso(»iati<>n- 

Walden * has adapted 'rronton's Rule to a quantitative study of the 
molecular {’oiuplexity ijf substuuees at. t lu* nieltiug-poiut. Examination 
of a eonsiderahh* number of uonual, uuassociated liciuids shows that 

the exprt*ssioit 

ia-5 

* Wiikiwi, ZdUch. EUktrochem., 1908, 14 , 715. 





oXYOKK. 


m) 

ma\' in* iv^ardrtl as tnaa M iti'iut! tia iiioIrTiilaj’ wiiiiht, 1 ,,^ 

tlu‘ latt*nt lu'iit fuMoii, aiid thi iHfltiua i»it t la airsulutr saalr. 

lu thrc’iisr (.»f \vatt’i\ T «;.5 27 n, uhriu'i- M irrli, thr iiri*rri* cif 

asscH'iatiuu, j\ *i*a 7 . ‘Huh rrsult r\trrmrly urli 

with tlint (*alt*ulatfit h\ tlu- lurthoif «»i‘ Dnfuil and Mujuiii at U i\ 

Froiti a stutly thr drprrssiuit nf l!t«- l"rrt'/i!i;.: fiuint ut \arums 
sahaads on aciiiitmn tit* untri\ t Itf uu an tir!4rrr uf asHuriatitm uf tlu' 
lattt*r lias lunii tlrlt'rniun d as ttdluus : * 


MOLECULAR \VEiC;irr AND DECREE i>¥ ASSOCIATION 
OE WA'EER, tOddM. 3 


s«>ivrun 


Pluaint . 
/nTolnidiiif 
C'hloracHdir and 
C'yiuuunidu 
Aa'tiuatnd 


M..|rrul.n U'ra^ta 


‘i 

:ui t ttidh-s 

t»l t !u‘id I 
*ilM Uiim o 
in ato# 


|lr.^*rrr' **f | 

Av-u»rr4!r*ir I 

i, 

! 

L* fHI 
MU 
Ed I 
ETd 


3, Molecular AnNociatlon at the Critical ISdut. *rhr innnula' 
alnwly considt’ri-ti aaunnt hr a|i|»lirtf lu ti*-E rniun fhr nn»li'rulur 
a|i[|^rc;j[ation nf watrr at tIn-nnlmal |iuuit. Tu un-i I t Ins dilliridt\ idtyr ^ 
has eulcululrd that 

\E u pyx 

*iH‘H7 PrlT,. 10701 

whciH’ tif Is t.hr rrttieal thaisity, that is, thr ttmw oi ijraots ui I ran ti|'a 
sulistiUUT n\ thr rritira! Tnturtunafi'h thr nsrl'iihn-ss ut' this 

forumlu is marnsl hy thr ditlhmlty ul’tlrlrriiiiiitut* tin' ^ahn- fur d,. wilh 
accuracy. 

In the «*ast‘ of wider the results i 4 iveu tm j». *lol arr uiititiiii'd aerord- 
iu^^ to tin* values assinuetl f.o the erilnml I’oustiiiils. 

The fore« 4 oiuj| results ejchtlal ctmsidrrabli' \ariatroii, I hr- drrfrrr of 
assoeiatiou nui|(iu|^ ffimi 0*77 to E-17 iteeordiiir In tln' uilitt s rlitisrii for 
the eritieal eoustiuds. The Ihial result in the table- is. Ino^rvrr, |iroliitbly 
thc* most c*orreet, the caath^al tleusily haviu^t Imrii ealeiilalrii from tfte 
i‘C|ualiou ou |K 270, using the iinist aeeuriite ligurrs nwithiblr ijiiiiiirlyn 
tliosc of llolhoru and Hauiimmi)for the i’rilieal teiiijn ralitri'. *Th^ rt'siilf. 
clearly indicates that water at this iem|Hi*iit4ire rs liul ii|*|irr'eiiiiily 
asstieiaieth 

Ou ilic <itlK‘r hamb it should be iiuidioiiei! that, other iiirtliods of 
calculation «lo not lead to i|uilr the siiitir result. Hius Cuy«'bus 
siiowu that 

T,ip, FAIR 

» uddii, hoa, 46 . i.. iiz 

^ <*uyi% Ann. Vhim. |il|, UT 
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whcrr M is tiu' tiu^hrular wtinivl-, R, the spc^eific refraction and F' a, 
eonsiant. As t lie nu'an of a larov miinher of calculations, Guyc arrives 
at tile \^alue 1 *S tor !/I'X hi tlu‘ ease of water, however, lIF' is of the 
order of l*h indieatini,^ association. 


( Vit ical 

1 

j (’riticul 

Critical 

Molecular 

Degree of 

PrcH.Hurc, 

3<‘m{K‘nUunx 

1 hmsity. 

Weight, 

Association, 

Pc- 

1 'r,' (abn.). 

j 

d(!. 

UK 

X. 

‘200' 

1 27;i i •M>r>' 

(1-1.2!) “ 

2G-4 

1-47 

UM’Ci 

' 27:$ ; a(ii.-:i ■' 

()-2().S 3 

1 ;h2 

0’77 

i 217-5'* 

. 27.n ; ;571.-;{' 

()-;)2!) 

18d) 

l-()5 

‘ 217-5 ' 

27:t ; :i7 l--:! ‘ 

i ()-;l22 " 

18-5 

io;5 


4. Water-Vapour. T'he (irohhau of tlu* nioleeular state of water 
vapour is one of eonsid(‘rahle disputis The va])our density of water 
vapour eorrespouds (ijipmviniafvli/ to a nu)l(‘eula.r wei^rht of 18. 

As early us ISKO attention had Ihsmi direeted by Winkelmann to the 
iaet that, the density ot wnl<’r~vapour in (a|uilihriuni with liquid water 
is liij^rher than that ealeulated on tlu‘ assunqition of a molecular weight 
Ilf IHUHd. It the vapour eonrorins to th(‘ napiireinents of Avogadro’s 
hypothesis, (la* oli\ious infen-nei* is that a. small portion is associated. 

In ltH)H Ktirnat'/^ published tlu* results of a. further series of deter¬ 
minations of the \npour d('nsitv of watia* at various t(‘mperatures, which 
supported earlier work. 

Hose showed that if watt'r-vapour b(‘ r(‘gardc‘d as an equilibrium 
mixture of many hyilrol moh‘euh‘s with a fi‘W dihydrol, thus 

‘ilhO,- “(HA)),, 

then the pereentagt* of the latter could he ealeulated from tlie data given 
by Kornat/. by means (»f the expression 

'' ".'(V'lt.?---') 

wliere is tlu' observ ed vapour pressunx d* tlu‘ observcxl vajiour density, 
and (I tla* density of pure dihydrol vajiour, that of air being taken as 
unity, d was taken as numeric’ally tapial to 1-2 I'32, and tlu‘ constant 
was eahmlated from ttie etpiation 

log /A bS57*l/T 1 21455. 

Tlie jieret'iitage asso<'iiition is ns follows : 


* t'iultetet itiicl C«41iirtleiiu, ('mnpL fm<L^ IHB8, io6, 1480. 

* U'ini, .'Lniiffr/i, lU'ihlitiU'Tt I8H5, 9 , 721. 
llattelh, Mrm, H. Umir/. TorimK IHfM), | 2 t 41 . 

* tnifl Hiiuiiiiaai, Ahm, VhyHil\ 10U), 31 , 045, 

Phys. liri'ii ti\ 1000. 29» Hi*. 

Tlii^ iiiliir for fhr rritiriil Ueusity 0-320 given by Davin (mfcronco 8 ) is based on the 
*4 a uf ,365" C, (hch* p. 270). bo logical, it should be 

t'Elrtitaiti'd hit fli«- |»urp»»*E* iisHuniing a critical tcrnp(‘raturo of 374'^ (1 Its value 

tla-n L’r.iiiifH 0 ' 3 :! 2 . ^ Winkelmann, Ativalrfh 1880, 9 , 208. 

® K<»nir«lM*rg, 1008. 

^ ftittirtM'hi I 0 OH. Id, 200 . 
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PHHCKNTACa* AHHOiMXVlOS OF W AllOOV APOFlO 


i ’{Vjui'i'r.n uir. r 

\ ,M.- 'jn l*r- . 

UiHi. 

l*ri.-nf .... 


0 
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”m 

02-17 

s 2 


100 

7iicroo 

S'!l 


j 150 

a5h| 

!MI 


! 200 
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Tilt' risr in 'fuiitiur inTsMirr at'rinHimnv in-^ iiHT* ,i‘.« i| fs-miu-ratnri' 
nppnarH ttt t’uuntf'rhatiUH'r I hr litHsunjuf in ‘4 iiiilurntT *»!' thr uitli 

tlu' rfsult that thr r\trnt ui |h»I\ nn-n-^-afji»u rrnianr% laiiiv I’Miistaiit 
tivta* a with' raniit-. 

Otiihi,^ in l!M5» wiw Ini tu siinilar fiinrlnMiins n.% tt» I hr r\ni.tiiit‘r tif 
an t‘t|nilihnuni nhxtnrr i»f na»iH» ami tii h\*ii'«4 im4rrui*-» in uatrr \ a|iHin\ 
hnt nnnnhuii'il tlnit at ih thr iinnaint ni nai w #n7, thr ninh"- 

(’ular Wi‘i«;hi ttf watri''\aptair t‘iirrrA|iMniiinn' «■ \a«i l\ t»» I Hjitti. \\ ||h ns** 
t»r tanUH'raturt'asstnaatn*n tala-^^ |4a*'r, ^•rarlllnl* Ihr Imhi ^aliir t»i ll'll 
par t’nut, at i\ Fall i>f tmiprral nrr I** hiu i . n* arrHiii|i<iiiir'i| It) 
(liniinntinn aftht' niulrautar uri*fht in atanriinrai'r ui luinr ilisHniaalmn, 

As Krmlatl‘Mias {Miintnl itnl, h«tur\rr, thr ur.tk |»H8nl m all fhi's*' 
rahnilalinns lirs in thr ansninplntn that salnirit*’«l \a|ii*nr'* hillnU' thr 
l^as laws with rsartm-ss, na»rr partnailari) A\*a!aih'M'*-. laiw. Snrh is 
most- jirnbahl)' nnt tlansasr. \\hilst. thrr* |iirr. uafrr inMlrrnlrs ina\' hr 
slightly nssnciatial in tlir \a|innr pliasr, lh»' prrsrni ilala ilu m»f jiistily 
nnr arriving at any nt hr-r iaamhision than that thr » \trnt niAnrh assnrm^ 
ticm is pntiaihly small. 

Snah a animltisiian hv it n-markrti. is iirv«Ttli»‘!rs% f|infr m fiarinniiy 
xvith thf rnnrlusinn prrviotisly drawn that !ii|iiiil w.ilrr is iipiimaalily 
assoaiaital (srr p. tor, ns Cbivr^^ has rinpliasisrd, “it is siilliririti 

far ilu‘ pnlynuTisatinn in tltr gnsrmis stair In hr of tla- ortirr i4‘ 
l/KhiHH) fnr it In hr a|ipria*tiihir in thr lifpml plifisr".” 


TIIK C‘ONSTrrrTlON of watfif 

Tin* prnhltan mnv arisrs as to thr ronstitiitinn to lir jissigfa^d to wiitrr. 
The* rrsnlts of tlir snrfarr trnsioit im'itsurniiriits rlrarh' iniliratr’ that 
vvatrr is itssnriatnh hut thrrxtmt nf lissomiition raimot hi- ralriilitfnl 
from thr inriin vahii' iiloms Thus, for *-vitiiiptts if thr' nirriii t|r«rrr of 
assnc‘iiiticin is at i\, taking hy way tif iHusIriitinn llir" tigiirr arrival 
at hy Diitnit anti Mojoitn llitan <ai tlir itssiimpliiin iftni only twn forms 
of watrr arr prrsrniA tlir rtpiilihrium may fir rc'prrsnitrti l»y 

aflOOfr. 

* Otlflr, r, anr ul^n J. i'hrm av«*., 

lIHfs 47 . U44. 

Krnttiilh ./. Amu\ i'hrm. *SVa',, Ill 2 a. 41 . ; item, AVtr^* ua. 3 *; »!'«» 

Mrasriri, J. Amrr, (iirm. Sur., Hl'il, 43 . af»l. ^ fliiyis fnoir |!i|ii. ri. m|. 

■* Thr pimMifiility flint n iiitilrrtilr run rsi^l m twpjmiml m iriiii4r. 
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If iV and y are 2 and 3 respective!}'', clearly n=m, and 50 per cent, of 
dihydrol is in equilibrium with 50 per cent, of trihydrol. If, however, 
?/ > 3, the value lor ni must fall if x remains constant. Unless, therefore, 
the numerical values to be assioned to x and y are known, those for 
n and m ciannot be deduced, and vice versa. Further, the system 
becomes e\ cn more complicated if more than two forms of water are 
present. 

I he irregularities in the specific heats and densities of water at 
various tcanperatures, particularly the contraction observed when water 
is warmed from 0° to 4° C., led Rontgen^ to suggest in 1892 that liquid 
water is a mixture of two sets of molecules in equilibrium, namely, 
ice molecules and water molecules. Thus : 


(H2O ) ice ^^^(H20 ) water. 

The former were presumed to have a more complex structure but to 
be less dense than the latter. Hence, when water at 0° C. is warmed, 
the equilibrium at 0° is disturbed in the direction of left to right, some 
ice molecules melting to the more dense water molecules, and the 
contraction thereby resulting more than counteracts the normal thermal 
expansion of the liquid with rise of temperature. 

This idea has been further developed by Sutherland,^ who concludes 
that ordinary water vapour is monohydrol, H 20 ,* liquid water is an 
equilil)rium mixture of trihydrol, (H 20 ) 3 , and dihydrol, {B.^O)o; 
wliilst i(‘e consists entirely of trihydrol. The high value found for the 
latent heat of fusion of icc thus receives explanation, for it is not due 
nicr(‘ly to th(‘ luuit absorption consequent upon physical change of 
solid to liquid ; it is enhanced by the heat required to effect the simul¬ 
taneous dissociation or depolymerisation of a large proportion of tri¬ 
hydrol moleciil(\s to the dihydrol form, as indicated by the thermal 
equation which Sutherland writes as : 

3 ( 1120 ) 2 ^ 2 ( 1120 ) 3 + 6 X 18 Xirr calories. 


A similar explanation may be offered for the high values observed for 
the latent lieat of steam. Thus, the thermal dissociation of dihydrol 
molecxxles is accompanied by an absorption of 189x18x2 calories, 
or, expressed as an equation : 

21120:^(1120)2+2X18X189 calories. 


For (liliydrol and trihydrol Sutherland calculates the following physical 
data (p. 3()1<). 

Aceorditig to Sutherland, the percentage amount of trihydrol in 
water at any t(‘m-|)erature is given by the equation : 


37*5(i-+g), 

where q is (k‘hn(‘d as c^qual to 


0-8222 

1+0-010627^ 


0-3207. 


^ Ront^^en, Wied. Annalen, 1892, 45 , 91. See also Piccard, Compt. rend., 1912, 155 , 
1497 ; Ohoneveau, ibid., 1913, 156 , 1972; Duclaux, ibid., 1911, 152 , 1387. 

a Sutherland, Phil Mag., 1900, [5], 50 , 460. See also Hudson, Phys. Review, 1905, 
21 , U). 
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nu)loeiilcs should be excluded from liquid water at the higher 

temperatures. 

Assam inthen, that water consists of three types of molecule, 
namely, U./), (II/)) 2 , and (HoO)^, the question arises as to the manner 
in which the atoms are linked together. By assuming oxygen to be 
tetravahmt, it is not dilhcult to construct formulje for the associated 
nioleenles. W hat (rdliculty exists lies in choosing which formula is to 
b{‘ i‘(‘gar(h‘d as eorrc'ct, inasmuch as the associated molecules may 
i Iua)re1 ieally assume sevcTal isomeric forms. 

Armstrong ^ lias considca-ed the structure of water molecules from 
the })oinl of view of their chemical activities in promoting solution, and 
suggc‘sts that liquid watca' is to be regarded as a complex mixture of 
active* and inax'tivi* moh'cules. The latter are regarded as having a 
elos(*d Htruetun*, thus : 
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Anustrong - has considtTcd the possibility of eveu higher complexes 
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l lu' metIiylciic series, i)eutahydroue beingg by analogy, the most stable 
hydroiie and iiossessitig the highest boiling-point—as is the case with 
[lenlaiuethyleiie. Thus : 
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A sicrie rormnla I'or a molecule of water has been propo.scd.® 


* Armstrou)!. Proc. Po,/. Poe., 1908, [Al, 81 , 80. NiUnre, 1923, HI, 089. 
~ Aniisirim}', (Jhem, Neie.H, 1911, 113 , 97. 

■' Pioeard, llelv. O/iim. Aria. 1922, 5 , 72. 
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tlic' oases oi xenon and aroon as the temperature rises from 0° to 40° C. 
Above this point the solubility rises again. For krypton the minimum 
lies between 80° and 40° C. ; for helium at 10° C., and for neon probably 
in the neighbourhood of 0° CA 

In t]u‘ j)r(‘e(‘ding table are gixaai the solubilities of a. lew typical gases 
in watta* at various tcan])eratures. llul(\ss otlierwise stated the solubility 
eO“el1iei(‘nt /3 is (‘ni])loyt‘d. signihes measurement of the gaseous 
volume at N.T.P., but the pressure includes the vapour pressure of the 
liquid also, whereas signihes the volume under the pressure of the gas 
itself of 700 mm. (see p. 36). 

Winkler ^ directc‘d attention to the fact that, in the case of many 
(diemieally inert and “ jxaananent gases, the percentage decrease in 
the solubility eoetlieicait between 0° and 20° C. is approximately pro- 
])ortioual to the cubt‘ root oT the molecular weight of the gas. Thus : 


Ilydrogcai 
Nitrogen . 
Oxygen 

Carbon monoxide 
Nitric oxi(U‘ 


Tlu‘ d<x*rc‘as(‘ in /3 is attributed by Winkler to a fall in the viscosity 
of th(‘ solvcait consc‘(iuent upon rise of tempei'ature. The two factors 
may b(‘ c‘(|uat<‘(l as follows : 

ft 'Ho * /c 

where y]o arid 7 ]i r(‘])r(‘S(ait tlu‘ viscosities of water at 0° and f C. rC” 
S))eetiv(ty, and k is a. constant, M being the molecular weight. If ft is 
calculated from this <‘X|)r(.\ssion, th(‘ value agrees well with that found 
cxperimc‘ntally belwc‘(ai O'’ and OO" C. T[k‘ following values for k have 
l>e(ai d(‘(hic(‘d : 

k. 

Argon ........ 4-4 

llydrogc'U, oxygc'U, and diatomic gases . . 8-8 

and triatomic gas(‘s .... 8-2 

Helium is c‘XC‘(‘ptionaL hoW(‘V(‘r. As a. rule, for those gases that devdate 
markedly from lh)yl<‘'s law, lh(‘ vahu* for k tends to rise with 
t(‘m|)(‘ratur<‘. 

The biert (idsen. The study of thc‘ solubility of tlie gases of group 0 
of tlut Periodic* Table* has pro\'C‘d V(‘ry hitcTesting. The data published 
by Autro])orf an* giv(‘n in tfu* following table : 

' 8 (‘o p. .308 and fig. 46. 

Winkler, Zeitsck pkymkal. Cheyn., 1892, 9 , 171; lOOO, 53 , 344. 

^ Antropotr, Pmc. Hoy, Hoc., 1910, [A], 83 , 474. 
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minimum for xenon and argon lies at 40° C. ; for krypton between 30° 
and 40° C. ; for helium, at 10° C., and for neon probably at 0° C. As 
a general rule, the solubility rises with the atomic weight, helium 
and neon being exceptional, possibty on account of erroneous determina¬ 
tion. It is also worthy of note that the solubility of xenon is greater 
than that of any other gas which does not form a compound with the 
solvent. 

The solubility of a gas increases with the pressure ; for gases chemi¬ 
cally neutral towards water, 

since under moderate pressures Boyle’s Law is obeyed with fair accuracy, 
it follows that a volume of water at a given temperature will absorb 
the same volume of gas whatever the pressure. This is Henry’s Law,^ 
enunciated in 1803. The same year Dalton observed that the amount 
of a gas absorbed from a gaseous mixture is directly proportional to its 
partial pressure. In both of these cases it is assumed that the gas does 
not combine with the water. If combination takes place these laws are 
not obeyed. 

The methods employed for the determination of gases in water may 
be either chemical or physical. The former are useful in cases where 
chemically reactive gases such as oxygen, etc., are concerned. For 
neutral gases, like nitrogen, physical methods are essential.^ 

The presence of dissolved salts tends to reduce the solubility of neutral 
gases in water.^ This is capable of explanation on the assumption that 
the electrolyte is hydrated, and that the water thus “ fixed ” is no 
longer able to absorb tlic gas. If this theory is accepted, it becomes 
possible to calculates the dcsgrec of hydration of the salt.^ A solution of 
alcohol in water is })(‘euliar in its behaviour towards oxygen. Although 
oxygen is several times more soluble in alcohol than in water, addition 
of alcoliol to water rediuscs the absorption of oxygen, a minimum being 
reached with about 30 per cent, of alcohol. Further addition of this 
liquid raises the absor|)tion coelTicicnt.^ 

B. Solubility of Liquids.—Liquids sometimes dissolve in water 
in all j)roportions without separating out into two phases. Such is 
the case with metliyl and ethyl alcohols, and it is easy to pass from 
what may be tcM-imw:! a solution of alcohol in water, by successive addi¬ 
tions of alcohol, to a. solution of water in alcohol, the latter liquid being 
so much in excess as to merit the term solvent, the water being the 
solute. 

The majority of liquids, however, do not mix in all proportions with 
water at the oixlinary temperature. When phenol is added to water, 
two layers are produced ; the upper one consisting of a solution of 
phenol in water ,* the lower, of water in phenol. On gently warming 
and shaking the liquid becomes opalescent at about 68° C., and at 
68 -3° C.--the critical solution temperature—the two liquids become 
entirely miscible. This is shown in Fig. 47. 


^ .Henry, Fhil. Trans,t 1803, x>i>* ^9, 274. 

8 ec p. 3(). 

This is well illustrated by the data given on p. 41 of the solubilities of oxygen in 
different concentrations of various salts in water. 

^ Philip, Trans. Faraday Soc.^ 1907, 3 , 140 ; Trans, Client. Sac., 1907, 91 , 711. 

^ See p. 43. ^ 
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arc r(;:uiily solul)lc in vvatcr. 'I'his i.s l.lu- case for all nitrates, and most 
elilorulcs and sulpludes, notahU- exceptions bcinjut the chlorides of silver, 
lead, and monov.alent mereury, and the sulphates of lead, ealcimn, 
strontium, aiui l.anmu. Keen these .substances are slightly soluble in 
water ; iinleed, it is doubtlul if any .substances are ab.solutely insoluble, 
SO tlhit tlu‘ trims solulilr and iiisoluhk* iiuist l)(‘ r(‘j^’ardc‘(l as redativr. 
Ba.si(‘ sails arr uviirraiiy insoluhir ; arid salts, on tlir otluT Imiul, arc 
usually soluhlts Tlu* solubility of a salt in water is iuliurncrd by 
sc‘\rral ta<*toLs surli as tianprraturr, prt^ssurr, and the dimensions of the 
partieirs (‘onstitutin^ tlu' solid phase. 

L I hv Injlnvnvr of I anpcnitiuy. This is W(‘ll illustrat(‘d by the 
various solubility eur\ t\s shown in Ki^^s. TS to 50. 



A. ('iitifinuiiiis rnrti's, I'lubsr may bt* rouj^hly (‘lassihed into the 

fol!o\vnii( t \ prs : 

(u| 'ritr soliduhty remains Ihirly (a)nstant- at. all tian})era.turc‘S 
soelium eiihiridr. 

(/i) *rbe Ntdubility rist^s sti*adily with the temperature potassium 
broimdis 

(r) 'fhe sidubildy rises rapitlly with th(‘ temperature |)otasshim 

nil rate, 

{tlj Tile solubiltiy falls steadily (*al<*ium (‘hromat.ts 
(i ) *rhe solubility rises !(» a maximum and them falls ealeiur 
sulphate. 

{/I The solubility tleensises t(j a minimum and tluai ris(‘s, as vxv 
pldifsi by ealeium aetdate and proj)ionat(‘^ a.ud liy anhydre 
sodium sulpliiit'e, tlu" minimum in tlu* latUu’ ease* oeeurnu|,C 

nlaait 


^ Liifiifitle-in i'hriti. StH\, 


® 'filcUni aiul SIuMiHiotus itte. o7. 
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B. The curve exhibits sharp breaks .—Two p 
a change of polymorphic form or a change of 
to a sudden break in the curve. The forra<^^^ - I 

ammonium nitrate, which is capable of existii^^ i nf»» 

crystalline forms. Of these the jS-rhombic I n * 

variety at about 32° C.^ At this temperature^^ 
solubility curve.^ . iii tin 

The effect of change of degree of hydra^tiot ^ 1 ^ 

substances that can combine with water is show'X^ 

C. iJt* 


.f, 


of sodium sulphate (fig. 49).^ Below 32*8 



c' .3 

sail- I ,, 

sl:m.rp*> 

in 

V I ' 

t *•* u 


poi^ 

tBo 


app^ 




Fig. 49. —Solubility of sodium sulphate. 


dra.t-.c-« i ' 

the lu-* 

tax^iitv 

***»••< 

sulbst JUe . 


The solubility of a substance in water is closc’-l«'* 
heat evolved or absorbed when solution occxi * ^biii 
absorb heat on passing into solution, and in sxic'i* 
increases with temperature. Salts capable of . tilruii 

evolve heat when added in the anhydrous form., d 

the solubility of the anhydrous form usually cl•^4"*** 
temperature. 

Van’t Hoff gives two rules, which, althon^'I n 
only to the solution of a substance in one already I * i*> 1 

usually hold for ordinary solution. The rules arc5 i * 

(i) If a substance on solution evolves heat, I'lKc* « »t * 
will tend to reduce its solubility. 

(ii) If the substance absorbs heat under the * » oin 

temperature will cause an increasing amount to t ii I»♦ i 

Anhydrous ferric chloride is very deliquescent:.., ^ 11 #» I ili 
water is represented by four distinct curves corres| >c >* t # 1 11 r;* s 
ance of four hydrated salts, namely, 2FeCl3.411 .,C ^ t f»i. I 
2FeCl3.5H20 (m.-pt. 56° C.), 2FeCl3.7H20 


* I.e. an alteration in the solid phase in equilibrium with tlxo 4 iffi .n 

2 See this series Vo3. I., p. 66 ; also Vol. IL, p. 120. 

3 Muller andKaufmann, Zeitsch. physikal. Chem., 1903, 4 ^, *41# 7 

^ For a careful study of the changes in the solubility of sociiii f n * - * g -, ^4 d 
A fin, CUm. Phys,, 1907, [viii.], 10 , 457 ; H. Hartley, B. M. jr'oiif*?., T.i 1 
Trans. Chem. Soc., 1908, 93 , 825. 

® Van’t Hoff, Lectures on Theoretical and Physical Ghenti^lr 1 

(Arnold), part i. pp. 37-9. 3 ^ 
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;57'’ C.) i-fspcctively. From the last point of 
1' ui hj;. 50 {(KT' oinvarcls the salt is anhydrous 


discc.utinuity, namely, K m ..v .;,umvai 

and IS dt'posiind from solution in that, (‘ondition.i 

.V study ui t he curves m 50 is particularly iiiterestiug from the 
■ pom ul view ui Ih,- Phase Rule. AH irprescaRs the various states of 
<<iuihl.num ..•irve,.., ,e,- ami (<.rri<- (-hluridc- solutions, a minimum 
lemiH-rature I.emu ivaehed at the eryohydrie point H, which is - .55“ C. 
.\i this point U'c. solution, ami the ilodeeahydrate of ferric chloride arc 
in I'umlilirimn. 1 he numherof dejireesuf freedom is in7 -in other words, 
the .systeni is invariant, and if heat he subtracted the liquid phase will 
so a lly without ehaiiee of temperature until the whole has become a 
solid mass ol H-e and dodeeahydrate. Further a.bstraction of heat 
nuTci} lowors ilu* tt'iuporaturi* ol i.|u‘ systcan as a whohj. 



Kio. *i0. Hululiility rurvtm of forriti ehlorklt*. 

If, st4Ulii4J!: at the* point B, lu*ut In* nddrcl to tho system, iec will 
melt, and moro td’ thr «i<Hit’enhydra((‘ will dissoivt' in aeeordauce with the 
ta|nililn*iuni enrvo IHdl, whieh is tin* solubility curve of this liydrate in 
water. At 4*17 i\ tlu* tiiHlecuhydrate uudts, and if anhydrous ferric 
chloride be addril to the system, tlu' t(*m|H’ratun‘ at whieh the dodeca- 
hyefrafe remains in ej|uilibrinm with tin* solution is lovvtaual until the 
i uteetn’ point C is reaehi’d at (’. At this point ilu‘ whole solidihes 

a solid iiu\hire of the dtalecahydratt* and h(*ptahydrale. 

The has been fcdlowed iii tta* dir<‘ction (d’ llu‘ brokcai line CTI 

to ■ H' i\, fhe sointi«ai Inantt stipersafurates! witli respeet t.o ih(‘ dodeea- 
liVilrate* Sinularly, tlc’ eur\e KU has bei*u coutimu‘d backwards tintil 
it interse**t\ i ll at II at 17 (*. d‘his is a metastable triph* f)oint or 
eutetdie, and ts capable id’ realisation t*?vperimeutaiiy on account of the 
fact that thi' brptabytlnde is not so rcantily formed. 

Cdir\rs HI*' and Fti r<'prcscnt the stdtddliiics of tin* tctraJiydrate and 
tlii' anhydrous salt respectively. 

lujlunivr nj Prtssurv. Sorliy (Hmchuh‘d that a. rise of 
pressure iiicfeasrs the solubiljtv offlntse suhst4inct‘s which dissedve in a 

* if.-»#■/». i'htui,, lHU«, ft), '177. Svi' tliin \k»l. ,IX,, 

biifl li. * Horby, iVoo /b'oe., 1S03, 12, 538, 



:ni 




lit|intl with fontrariiun <*f \olimir, hut ttiat if driTrasrs IIh* st>liibi!it v 
of sucli stihstuurrs as dissu!\r i!i Wiitrr uith au la \i>liiiur. If 

was tirst iudiralrtl In Mrauii * that tl’ thr rliaa^a' of \ uliiiiif, iJii suhitian 
aiul thr thii'iunl alTi'r! an* kuiusa, thf t|uantita!!\»■ r!|r«*! i»| ,ilti-rati<»ii ia 
prrssufi' <ui t ha st^hihilit iua\ hr rahaiiatnl. This is lu liariauiix uith 
thr 1'hrari‘ia of hr (‘hatt'lirr. Thr hilhnuu'^ ilata *' ai'r la hariiiuiiy 
with this : 

THE EFFECT OF PRESSURE ON HOLlTiilTTY. 

{vmx StHi'krUii ri». I 


Casuas *4’ Nsilf tn hHi' Uisaa-i *4 


Siilt. 

tllliUge »»f 

Viiltiaie H|j 


iit ih"- >ii ■ 


8t4utiun in 





Wiiler. 

1 


/Will 



IVr^Mslins 

birTain-, 

br«‘frutrr. 


Sadiuni rhlandi* 

rout rart a ai 

2lr i 


27-tl 

Ammonium rhloridr 

rXpailMoii 

27-2 

. . 

25sS 

Alum 

i‘oid rart toil 

lb5 ^ 

1 k^ 

• f 


h'urtlua* tiata fur stHiuuu rhh»rnl»” havr hrra |»uh!ishiat * ^i^hiiii arr la 
t’lust* hnruianv with thasr ahu\«% fntt I'rtVr ta'Jfh t', 

lV«’w4irt* la Ivilrij'auiiN |Ha stj, riti, , \ ;\»y y»a 

(<‘nuns nf XiiCI jH'r Uhi ia'i»aarnMhai**a it ;*a as ;*fl',**i s;! 

Ik tfj ihf Sitliil {*htL\r, \\ luitij a*4*» ns Stas 

{h>sar\aH{ that tlu* stthihihty t^fsilvir rhlurai* uuars uifh hs Uirtlanl at 
{U’fparaiiouT the fi>llnwiu‘( rrsults hi mu utilaiia tl ; 


Floerulrut silver rldondr 

N«4al»iijti V. 
(MH 10 urjuii hlr«" 

a! 20 t 

Powdered 

. OOOIlO 

, IT i 

(h’tmular 

CMIOI 

, 1 a 1 


Clfiuiy tlu‘ sJuaflri* t!a' parhatrs tT thr sal! thr urrsitrr tlir sulnhiitl)'. 
'fhis is further sU|ipoHrd by whu iu\rsfnaif*■■«! flir suhibiltftrs itf 

ealciuiu auc! bariuiu sul|ihnirs at 2a ' i\ mnl Umtui thriii tf» hr as m lablr 
tUi p. Ilia, 

(‘leartvs thereturr, brhirr the absulutr Miliibihty of a salt ill Wiitrf at 
any .stntecl trjupeniturt% aud uialer, say* iitisuisplirrir pis-ssiirr, nut be 
uivtit, the si‘/4‘ <>! the pnrtieh’S ul Ihrsutltl plaisr iiiusf ln' hiuiwiu Hits 
has iHi iutiiunti* cutuua'tiuti with thr idirutuitriaiii nf siiprrsattiralmii |srr 
p. 1115), Itu* it is i.*lrar tluil ii sitliiriitril uf haiitiiii siilpltitli^ prr» 

piirtsl itt euutiu’i with pariialrs uf iliaturtrr tM fi is siiprrsatiirattal with 

* Bmilli, Zrilm'h. phi^rnkui, Vhrm,, iHHk I. waa. 

“ K. vini Stiic'krltH’n?, ihiti.t lH!Mk aiiT, 

y‘ Nil!, •/. ,'bw#r, i*hrm> Stn\^ UHlk jB* wIsIL*, Sf<*^ I .<4irii, iir<sii%j', rijittiii* 

7*iiiseh. plit^aihtl, l!l|U, 2lfl. 

* I, K7. Hvv Ururkrr. 7r%im-h, r%-m. im4 ,|. ;‘iii 

Halftt, Zr'iUeh, phtjmhiL f'/irwr. IIHU, liH*,, i|ii|r|a Ailrii, J. Jmn. 

Stjr., lIRlLh tun. 
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spcft tit |>:n-ticlfs of tiiaiiirliT l-K/ 4 . and. U[K>n inlToihictioii of such 
irlicli's, 1 111- cMTss vMiultl 1)1' in'ffipitali'd out. 


INFLIKNCK 


OV SIZIC OK PARTICLE UPON 
SOLUBILITY. 


Suit. 


Uiiuuutur of Pnrliulus 

HuppoHinl iSjiIiuricn!. 


Solubility at 25 " (t 
(Mass j)(',r I^itrc.) 


ral(*ium Milphatu . 
llariuni sulphate . 


'i 


()•:{ /4 

l -s n 

0*1 /t 


2J-()85 ^Taius 

2'2J) luo'. 


SiHHTiSUturated SolutioiiH. When a solutiuu of a. suUd iu watcT, 
ready saturated at a !»iveu 1 1 luperature, is heahnl uj> with iuor(‘ of the 
•lid utdd the ulade ed' tlu- latti'r has passed into solution, (*rystullisalion 
‘ pre<*ipitatiuu of the exeess ot soluti* doi‘s not always lake place u})()u 
Hjliui: tile system to the oriaiual ttauperatiins It is cli'ar that tlu‘ 
dutiou must uow hidii a greater <|uautity orsuhstau<*e t han corresponds 
> tht* ordtiutry soluhility and is saitl to he .stipvn'aturaied vSuch 
dutious can readdy he preparetl hy lu‘ntiue up sodium tIuosid[)hut(', 
•dmui acidatix or sothum stdphate uitli watia*, and idlowin^^ to (‘ool 
dhoiit a.eitatiou. 

Supersaturnted solutmiis, howe\cr, are always liable to crystallise' 
loutaueously, partundarly on exposure to air. Liiwell * was apparently 
H’ hrst to nIjow , ijuu r \ ri, lu t he east* ol sodium sidphale, that crystal lisa- 
on uas md ludueril h\ eoutaet with air that had l)e(*u pix'viously 
Lsst d thromjh \witer, sulphm-ie aidtl, caustit* alkalies, ^lass W(>(d, or (‘Vt'ii 
iniu.i!!t a snu % of empty tlnsks, Kifti’cn years latt'i* Xdohdtc' and 
I rue/, mth |H udrnti) threw* etaisicleralile li<j[!d u}H)n tlu' suhjec't hy 
lowuse that the spontaneous ervstnllisutiou of supt'rsatunded sedutious 
’ sodmm sulphate m euuhiet with air is dm* to tiu' presi'uei' of minute 
wt.ds ol tin sal! m %uspensi«ui m the tatterwhieh serve as nuclei 
iiiiiilatiin! er\stidlisatiom lleuee liv waishiug or rdt-erin<4 t.lu,' air 
owi II had reuieord f Iwse sus|ieuded utielei, aial iu eousi'tpu'iiei' r(*ta.rdt'd 
•\s,lallisatioii. Lreoq dr lltHslamdrau *' showed, ill tIu' followin^^ yisir, 
ijit not oiil\ eould mmute ery stals td tlu* same stdrslauee stawt'as uueU'i, 
if tha! erystals ot^ isomorphiuis bodies yield |irtH’isely t-he same result ; 
It! it 1% now known that this |irt»perty'is sluinsl hy numy suhstaiHTj- 
ati at’i- liof si rieli\ rsoinorphous with the dissoU’ed salt-, provitU'd tlu'i' 
tdretilar udiiiiies o-re^ ehi.sidy similar/^ Ostwalil showed tlud. nuek 

' LmMI'llt n-i r. . ^ iVHf?., I Si»n, l>2. 

\|.4«'l|r , f , I SUa, CHI, -SU! , 

* itriii*-#, fifi, sail. Si-v lHfh», 6 f), HaU ; iHiHn 63 . H-13, 

® -I -nilfn ao' sihoo^ ui ‘Uir i-daiul itt tiawpliurt*, nud thuMf* , 

liiMiii fjiilpijiit' .Old ■-iolpliaU- lo i!au«i» with llio of Nulphuf |ii‘o«iuoMi duriia 

■IlsIiiOlu.ai *4 VM-tb »'tr. 

' lir einm /%o.. tsiiii. jo. I* 9^ tTlI. So* M. I hoiu. 

|ssi, III , ijhfhufh, vo|. u,* |MU't 2, p. <80. 

* 1 till*! V«*i. L. iiti. 7 n 71 . 
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weighing only 10 “^^ to 10 ”® grams were usually (][uite sufficient to induce 
crystallisation of supersaturated solutions. Furthermore, it appears 
from numerous researches ^ that mere mechanical friction is sufficient 
to induce crystallisation, such crystallisation taking place in the complete 
absence of crystalline nuclei. 

Supersaturated solutions of liquids in liquids have only been realised 
in a few cases,^ but supersaturated solutions ol gases in liquids are not 
uncommon. 

Tap water saturated with air at 7° C. can be incubated at 18° C. for 
six days without appreciable loss of oxygen. At this higher temperature 
it is, o^ course, supersaturated, but so long as the containing vessel is not 
shaken, and chemical actions such as fermentation are excluded, no 
appreciable loss of oxygen occurs.® 

The addition of any powdered substance to such a solution, however, 
will break down the supersaturation since the gases in the pores ol the 
powder act as nuclei. Supersaturation of this kind differs from that 
considered above, inasmuch as the nuclei immediately escape from the 
liquid, whereby their influence is severely limited. 

Combined Water or “ Water of Crystallisation.” —When their 
concentrated aqueous solutions are cooled or allowed to evaporate 
many substances separate out with combined water or so-called water of 
crystallisation. This latter term is intended merely to imply that the 
actual crystalline form and not the crystalline nature of the deposit is 
dependent on the combined water present, because generally tiie 
anhydrous substances are also crystalline.^ The simplest type of a 
substance with water of crystallisation is to be seen in the case of the 
crystalline compound chlorine hydrate, Clg. SHgO, but the best known 
examples are amongst the salts, especially the “ vitriols,” CuSO^. SHgO; 
ZnS 04 . THgO; FeS 04 . THgO, and the alums, of which potassium alum, 
K 2 SO 4 . Al 2 (S 04 ) 3 . 24 H 2 O may be regarded as typical. Generally 
speaking, the presence of water of crystallisation is more common 
amongst the salts (simple and double) of the weaker acids. The number 
of molecules of water which thus combine with a molecule of a substance 
varies ® with the substance and even with the conditions such as the 
temperature of crystallisation; e.g. above 32*4° C., sodium sulpliate 
crystallises from aqueous solution in the anhydrous condition, whereas 
below this temperature the crystals have the composition Na 2 S 04 . lOlioO. 
Each salt containing water of crystallisation exerts a characteristic 
\'apour pressure,® which increases with rise of temperature. Such 
hydrated compounds can therefore be deprived of their water, in part 
or entirely, by raising the temperature or by placing them in an atmo¬ 
sphere containing less winter-vapour than corresponds with the vapour 

^ A. H. Miers and his pupils. Tram. Chem. Soc., 1906, 89 , 413, 1013 ; Proc. Roy. Soc., 
1907, [A], 79 , 322; B. M. Jones, Tram. Chem. Soc., 1909, 95 , 1672; Young, J. Amer. 
Glmn. Soc., 1911, 33 , 148 ; Young and Cross, ibid., 1911, 33 , 1375. 

- H. S. Davis, J. Amer. Chem. Soc., 1916, 38 , 1166. 

Bichards, J. Agric. Sci., 1917, 8 , Part 3, p. 331. 

J Nordenskiold, Ber., 1874, 7 , 475; Surawicz, ibid., 1894, 27 , 1306. 

Prom an examination of a large number of salts, Rosenstiehl {Commit, rend., 1911, 
152 . 598; Bidl. Soc. chim., 1911, 9 , 281) arrives at the conclusion that after the first 
molecule of water of crystallisation further molecules of water are added, generally in 
groups of three, and less frequently in groups of two, and regards this result as confirmative 
the_epstence of the molecules (H 20 ) 3 , and (H 20)2 in water ; see also p. 296. 

** Wiedemann, J. praJet. Chem., 1874, 9 , 338 ; Debray, Gompt. rend., 1874, 79 , 890 : 
Koozeboom, ZeiUch. physikal. Chem., 1889, 4 , 31; 1892, 10 , 477 . 
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pre.ssnrc of f lu‘ hydrate. By enclosing a hydrated salt, preferably mixed 
with a little ol the dehydrated salt, in a desieeator over a drying agent, 
not only does dehydnit ion lake place-, hut it may occur in stages revealing 
the existence of inle'ianediate liydrates ; ' thus blue vitriol undergoes 
dehydration by tlie stages, CuSO,,. . 711 ./); CuSO,. .‘Jll./); t’uSO.,. 11 .,0; 
(.'uSO,, each stage being nuirked by a reduction in the vapour ])ressnre 
at any t(an|K‘rat un‘. 

II ilu* vapour pr(‘ssun‘ ol th(‘ waita* ot’(*rvsiallisation iu a substanao 
(‘Xct't'ds t lu’ pr<\ssur<‘ ol t he atinospheria moisturc‘, spontatU‘OUs de¬ 
hydration may ocaair so that Ihe substance^ bc^eonies coated with a 
pfnvdery layer of a less^ hydrated torn). (;iHubc‘r's salt, NiuSO,^ . lOlLO, 
atid "" washini^ soda, lOH./), ar<.‘ typical of this (*fass, to which 

th(‘ term c///o;’e.vre/// " is a])plit‘d. On the otlua' hand, a hygroscopie 
suhstaiUH* is oiu' whic'h absorbs moistures (Vom the atmosphere; it the 
a(|m‘ous vapimr iensioii of tlic ntmospluTc is mu(‘h greater than that ot 
tlie damp substama', tlie absorption may continue until finally a solution 
is obtained, tin* protH*ss continuing until the va.])our pressure of the solu¬ 
tion attains t hat id't lu* vapour in th(‘ atmospluav. Potassium carbonat(\ 
sodium nit rate, t*aleium iddoritha and zinc chloride art' common examples 
of such ddUyiescvtit sulrstant'es. 

Both sunlight and ultra-violet light a(‘C(‘l(‘rat(‘ the* ('seapt' of waU'r ot 
crystallisation fnan salts in ia’rtain casi'S.’*^ 

Thi' transition ti*mpta‘atur<‘ at which a. hydrab'd salt liberati's all 
or part of its water ami passivs into nuotlu'r h‘ss hydrab'd Torm is almost 
as deliniti* as an ordinary midting-point, and (»an tlu'reforc h(' used as a 
standard h)r t lu' <adihration of tlu*rmortU‘ters; thus tlu‘ transition 
temperaf uri’ lor (ilauh<*r\s salt, Na^SO.j. lOHnO, o(‘curs at (1., 

whilst tliat id' sodiuin hromidi*, NaBr.2lI,/), is at 

Frcnn tin* rt*lutivi* ditheulty with which tlu‘ last moUamh* of water 
of (’rystallisation is expt'lh’d IVom certain salts, c.g, PnS(),|.H20 and 
MgSC),!. HgO, the dehytiration of these salts nsparing a temperature 
abovi* 2<K) (h, \vlu*ri*as the other waba imdccuh'S in the ordinary 

pentnliydrati* and lu-ptahydruit* r(‘spectiv<‘ly arc (‘Uminab'd at a tempera- 
tun* a iitth* abovt* 100 it has been sugg(‘st(‘d that this last molecule 
is in some* way imna* intimati'ly nsscx'iated than tlie others with the salt 
moleetdr and tlie mum* mitvr t{f vanstItution has btsai applied to it.^ 
By some, it is (*onsitiered that this moleeide may be (‘specially associated 
with tlie acid rndiele indi(*ating, for example, in tlu* above eases of 
momdiydrated .siilphai(*s, that the salts are derivt'd, not from sulphurie 
a(ad ILSetj, but frenn an orth(»-sulphurie acid, ll^vSOg. On the othen* 
hand, il is tspndly |iossibh* that the imd(*euU‘ of watt‘r of constitution 
may he ass(Haat<*d with the hash*radieh*, in which ease* the monohydrated 
salt would in* regnnh*d as a basic salt of the* type* (!u{On )S() 4 n,® which 
would thus fM‘ Clippe r heinisulphatc luanihydnd. There* hardly appear 
to be Hufric’ieiit, grounds, lioW(*vei% for ivgarding wn.t(*r of (‘oustitutiou as 
distinei from ordinary water cd' erystallisation ; in both eases it is 
probable that tlx* molt*eides of water an* atta(‘hc‘d to tlu* salt moleeulcjs 

* liiiki'r iirid Adliini, Trmm* Hm., 1911, 99 , 507 ; (humming, tdul, 1910, 97 , 593. 

^ Bimtel, Ckfffi, Zrnir., Ill 111, it, 639, 

^ Eicliiirdii iiatl Welb, Znt»eh, phyntM* 1903, 43 , 465 ; 1906, 56 , 348. 

* Awnulrn, |H:I6, 20 . Ml. 

Krlinuiievi'r, /Irr., i«69, 2 , 249. (’tuapara Mummery, ./, Hot,, Chem. huL, 1913, 
32. 989. 
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by additional valencies at the oxygen atoms,^ and, as exj^lained above, 
the removal of each successive molecule of water of crystallisation will 
be a matter of increasing difficulty. 

Interesting ideas as to the nature of water of crystallisation have 
been promulgated by A. Werner,^ who regards six molecules of water of 
crystallisation as the normal quantity, and suggests that the water 
is combined with the basic radicle forming a complex radicle, e.g. 

I Ca(OH 2 ) 6 ]Cl 2 and [Co(OH 2 ) 6 ]Cl 2 . Certainly a group of six molecules 
of water of crystallisation recurs frequently in hydrated salts. 

In hydrated salts containing seven molecules of water, the sulphates 
supplying numerous examples, the seventh molecule is supposed to be 
attached to the acid radicle. This view receives confirmation in the 
frequency with which such heptahydrated sulphates form derived double 
sulphates containing only 6 H 2 O, the additional salt being a sulphate 
which, when alone, crystallises in the anhydrous condition. Thus 
ferrous sulphate, FeS 04 . 7 H 20 , and zinc sulphate, ZnS 04 . 7 H 20 , yield 
such derivatives as (^^ 4 ) 2804 . FeS 04 . bHgO, and K 2 SO 4 * ZnS 04 . 6 H 2 O 
respectively. With salts containing more than seven molecules of 
water, the number is frequently twelve, and this is attributed to the water 
being combined in dihydrol molecules (see p. 298); and in accordance 
with this view potassium alum would be written [A 1 (H 402 ) 6 ](S 04 ) 2 K. 

The application of Bragg’s X-ray spectrum analysis to hydrated 
crystals is throwing further light upon the manner of attachment of 
combined water,^ and, in many cases, it would appear that no distinction 
can be made between water of crystallisation and water of constitution. 

For a study of the optical behaviour of combined water, the reader 
is referred to the subjoined references.^ 

There is a possibility of small quantities of water being present in salts 
in another form than that of water of crystallisation. T. W. Richards,^ 
in his attempts to prepare salts in an extremely pure condition for 
the determination of atomic weights, has observed indications of the 
presence of water in a state of solid solution in crystals. 

Water Analysis.® —On account of the considerable effect of certain 
impurities on the value of water for drinking and other purposes, 
the detection and estimation of these impurities is of the greatest 
importance. 

The water is first examined visually for colour or turbidity, and by 
taste. Thus, for example, a green colour may be due to algae ; brown, to 
peat or possibly to ferruginous material. Iron salts impart a distinct and 
bitter flavour to water, 1 part of iron per million of water being per¬ 
ceptible to the average person."^ In the case of common salt, 75 grains 
per gallon or approximately 110 parts per 100,000 are recognisable in 
this manner. Hard waters are supposed to have a more refreshing or 

^ See Rhodes {Chem, News, 1921, 122 , 85, 97), who suggests a cyclic or shell con¬ 
figuration for the water molecules. 

- Werner, New Ideas on Inorganic Chemistry, p. 132 ; translated by Hedley (Longmans, 

^ See Vegard and Schjelderup, Ann. Physih, 1917, 54 , 146; Schaefer and Schubert, 
ibid., 1916, 50 , 339 ; 1918, 55 , 397 ; Niggli, Physikal. ZeitscJi., 1918, 19 , 225. 

* Brieger, Ann. Physik, 1918, 57 , 287, 

^ Richards, J. Amer. Chem. Soc., 1911, 33 , 888 . 

® As many excellent text-books deal very fully with water analysis, it is only necessary 
to deal^th the subject in brief detail in this work. 

See Rideal, Water Supplies (Crosby Lockwood, 1914). 
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l-al.it al >1.' t asL- t han soft.' Less than 116 mg. of carbon dioxide per litre 
<-aiui<.l >(• t by Uie lastc, whilst more than 246 mg. are distinctly 
P!.V! b '^ • IHfferent persons show varying suscepti- 

ahh.-st pvmals mt caane<hutecpund,M Carbon dioxide cL be detected 

• , . r m hard waters than in distilled 

\vatri. In t h.' last named, susindon is aroused by 126 mg. per litre, but 
below _nt mg. ol earlmu dioxide, the carbonic acid is not distinctly 

tasttHl as sucli. 


.Vny su.s'prinlal .solid the presence of which should be regarded with 
Mispinon, ,s remov.-d by liltration. The quantity of dissolved solid is 
(Irtruiumsl h} aporatnio' a ineasurcd volume to dryness. From a 
jiraetieal vi<-\v«pojnt, the iiorl iou of the dissolved solids which affects the 
behaviour ot a water towards lathering when treated with soap, is of 
espeeial mter.'st, these <'on.stitueuts produeiug the so-called hardness” 
(»| n watrr. 


Qualitative AnalysisS. Usc^rnl inrorniation as to the suitability of 
v\atrr ftir \arious pur|H>s<‘s tnay ra])idly obtained by means of a 
Iru t|iialitid ivi* trsis. 'ria* |)rt‘S(‘ne(‘ of cMorides is revealed by addition 
ui a t<’\v tirnfus t>i concculrat(‘d silv(‘r nitrate solution acidified with 
nitria anith uhni a whilt' haze or turbidity results. 

!/ihu s a white iurliidily on addition of saturated ammonium 
t».\alate solutinu, aticl sulphaiv.s with barium chloride acidified with 
droehluih’ jN’id. A usehil nai^jjcnt for nitrites is metaphenylene 
dtaiuiut', A grains tif whi(*h ar(‘ dissolved in water, acidified with dilute 
sulphtine aeul. and nuule up to one litre. It may be necessary to pre- 
vuMisiy tbandurivr t iu* solution with ehan’oal. If nitrites are present 
in thr wntrr bt* tasted, <ni addition of the diamine, a yellow colour 
IS prutltHS’d, t'itlier inunediateiy or upon standing. Starch-iodide 
sobitiini aeiilitii’d with diluU' sulphuric acid may also be used, the 
eharaetrristie blue <*olour of tlu‘ star(‘h-iodine complex indicating nitrites, 
but tliis test is Ui»t. altogether satisra(‘t()ry. 

Siirati^s- Hvr rts'Hlily detected by adding a few drops 0*1 per cent, 
brueine solid ion to the sample of water, and then pouring concentrated 
%ulp}iurii» aeitl tot he bottom of tlu* tube iu as gentle a manner as possible; 
n pmk ami yellow zime forms at the junction of the acid and water if 
nil rates are |»reHrut. 

NrssU r\ solid ton (see p. .T22, n()U‘ (>) gives a yellowish-brown colora¬ 
tion III tin* presence of mtnnnnuL Traces of lead and copper give a dark 
rolour with aiuntonium sulphide, acids being unable to destroy it. 
Diseoloriition ilm* to copper may be rtanoved by addition of potassium 
eyaiiide. Tin* rreoguition of traces of lead by the above process, how¬ 
ever, is soiiit times impossibles in th(‘ case of peaty waters, the brown 
('oloirr of tt hifdi eid irely masks t lu‘ r(‘action. In such cases a convenient 
itieilmfl «s»nsists in aclding permanganate to the water until it is dis- 
tiiietly pink. Th«» \%nivv is tlusi rendered alkaline with ammonia and 
kept for about fort V tiglit hours, wlien a precipitate will have formed, 
eonliiiiiing the wimlv of the* lead. The supernatant liquid will be colour¬ 
less unless to«» uiueh p(*rmaugauate has been added. The precipitate 
is rolh*eted on u filter, dissolved iu hydroehloric acid, and, after dilution, 
testeil with alkali sulphide in the usual manner. The composition of 
the pn eipitiite lias not hcs*n studied, Init it appears probable that an 


* I'VttHliiiiuiiit, (JhfUi. Zenlr.y 1914, i., 1515. 
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oxide of lead is formed which is either carried down mechanically with 
the oxide of manganese or possibly as a compound.^ Lead is also 
detected by addition of a few crystals of potassium bichromate, an 
immediate yellow turbidity occurring in the presence of 0-1 grain of 
lead per gallon (0*14 parts per 100,000). On standing for half an hour 
a turbidity is detectable with 0*02 grain of lead. 

The time-consuming operation of evaporating water in order to 
increase the concentration of lead which is necessary when the quantity 
is less than 0-1 mg. per litre, can be avoided by the procedure intro¬ 
duced by G. Frerichs.^ 

When water is filtered through pure cotton-wool, any lead is com¬ 
pletely retained by the latter. By filtering a litre or more of the water 
through a plug of cotton-wool, and subsequently extracting the lead 
from the plug by washing it with a little hot dilute acetic acid, it is 
possible without loss to obtain a solution in which the proportion of 
lead is many times as great as in the original water. The test for lead, 

. whether qualitative or quantitative, can then be applied in the usual 
manner. 

The amount of lead in drinking water frequently diminishes on 
standing, probably in consequence of precipitation as lead carbonate.^ 

Iron gives a blue colour with a few drops of potassium ferro or ferri 
cyanide solution acidified preferably with dilute sulphuric acid. Colori¬ 
metric tests for iron are often uncertain in the presence of copper, etc., 
but if suitable precautions are taken this difficulty can be overcome.^ 

If the solution is rendered alkaline with ammonia, boiled and any 
precipitate removed by filtration, the presence of zinc may be demon¬ 
strated by addition of potassium ferrocyanide, when the liquid becomes 
turbid. 

These reactions are summarised in the following table : 


QUALITATIVE TESTS FOR WATER. 





Delicacy of Test. 

Reagent. 

Result. 

Conclusion. 

Parts detectable 




per 100 , 000 . 

Silver nitrate . 

r White haze 
\ White turbidity 

Chloride 

J" 

Ammonium oxalate . 

/ White turbidity 
\ White ppte. 

Lime 

9 

20 

Barium chloride 

White turbidity 

Sulphate 


Metaphenylene diamine 

Yellow colour 

Nitrite 


Brucine . . . . 

Pink colour 

Nitrate 

6'*7 

Nessler’s solution 

Yellow - brown 

Ammonia 



colour j 



Ammonium sulphide 

Dark colour stable 

Lead or copper 



towards acid 


Crystal of potassium bi¬ 

Yellow turbidity i 

Lead 

0-14 (immediately) 

chromate. 

Potassium ferro or ferri 



0-03 (on standing) 

cyanide acidified . 

Blue colour 

Iron 



1 Tickle, Analyst, 1921, 46 , 240. 2 prerichs, Afoth. Zeit, 1902, 884. 

3 Scheringa, Pharm. Weekblad, 1919, 56 , 8 . 

4 See, for details, Gregory, Trans. Chem. /Soc.,* 1908, 93 , 93. 
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If the watei' is first concentrated to one-fiftieth of its bulk, tests may 
be carried out for ‘magnesia and 'phosphates. The former is precipitated 
as magnesium ammonium phosphate on standing for some twenty-four 
hours after addition of sodium phosphate solution to the water rendered 
alkaline with ammonium hydroxide in the presence of chloride. It is 
assum(‘d that any lime has previously been removed with ammonium 
oxalate. Phosphates are precipitated as yellow phosphomolybdate on 
adding c‘xeess of ammonium molybdate solution to the water acidified 
with nitric acid, and warming. 

Interpretation of the Results. —The correct interpretation of 
water analyses is largely a matter of experience, and can only be arrived 
at aft(.‘r a. tliorough knowledge of local conditions has been attained. 
The presence of chlorides is usually to be regarded with suspicion as 
indicating possilde contamination with sewage. But perfectly good 
potable waters may contain chlorides due to proximity to the sea or 
salt deposits. Thus the water in the lower reaches of the Severn in¬ 
variably contains sodium chloride resulting from the triassic salt springs 
of thc‘ neighbourhood round Droitwich. Again, chlorides may result 
from de(‘p wells and mineral springs, or from waste effluents from 
fa(d.oric‘s. Ammonia and nitrites suggest recent contamination with 
animal refuse. They arc gradually oxidised to nitrates. Whilst, 
therefore, nitrated water may be quite safe, owing to oxidation of all 
dangero\is organisms, it should be regarded with suspicion until con¬ 
firmatory c'videncc is available. 

Lcxid in any appreciable quantity is a very dangerous constituent 
in potable waters, for the poisonous action of lead compounds is cumu¬ 
lative, so that rc])eated small doses may prove more serious even than 
one largc‘ dose. Chronic lead poisoning may result merely from drinking 
su(*.h watcT as has V)een conveyed in ordinary lead pipes. Waters con¬ 
taining 0*02 grain per gallon are dangerous. 

Iron is ai^t to be troublesome when present in quantities of 1 part 
per 100,000 and upwards. The metal oxidises, and hydrated oxide 
(rust) preei])itates out on standing ; this may block the pipes conveying 
th(* wa.t(‘r. This oxidation is assisted by certain lowly organisins 
known as iron l)acteria.^ Iron salts are not toxic, but have a certain 
nuxlieinal value and impart a bitter taste to the water. Copper salts 
arc fnapuaiitly etu])loycd to remove alga 2 , 0-3 parts per 100,000 being 
abotit the miViimum effective concentration of copper sulphate for this 
purpose*. At such dilutions the salt is not prejudicial to the human 

organism. i? -ir 

The inhibiting action of copper salts upon the gro\\d;h of bacilli 

can be dc‘tectc!d even at such dilutions as one part of copper m ten 
million of water. With 0-5 parts of copper per 100,000 a marked effect 
is obs(‘rvt‘d ; zinc has a small effect, but lead and iron appear to be 
without effect at tlwsc concentrations.^ 

Quantitative Analysis .—Chlorides present in a water are estimated 
l)y titrat ion with a dilute standard solution of silver nitrate. 

1 Mumford (Froc. Cheni, Soc., 1913, 103 , 645) describes an organism through the 
agency of which a dilute solution of ferrous ammonium sulphate was completely o^uiised 
to ferric hydroxide in thirty-six hours at C., no iron remaining in solution. See also 

’'“tiSrSKSri Oi... W., .921, « 

Med. JSerdeef 1921. o-, 
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XitratfS ami iiitritrs in uatrr nw fn-qtiiiilly i-Htiiuatril tuiffttifi% 
hy ffthuiitai tn nuiimniiiu^ ulm-h viin la- itr!tTiuiiird in flu- manimr 
<k*Kc*rilHtl hrlctw : alti riiati^i- imnu^s^s arr iiasnl un tia rrilimtion of 
thrsn Nnlts In iiitrir i»\uir whu’h ina\ I**' ui* astirfd \ rmallyr ami 

tm wduvlUni ul" thr nitratr to nifnh' ulna th*- iiitntt* may in* 

rstiniatiil i’olonrm triaally !»y tin- aiidifion oi’ sul|iliaiiilir mul and 
a-nn|dithylaiiiim*.‘^ lair thr rstumition nf ml rit. s am! ml ral» s M-jiaratrly, 
ur^muin i’oloriim't ru' imthoitsarr usually ,xp|diriid 

Tim nitntrs am! mtrat»s \n mdurd ua!^-r rally thrir 

r.\isttiii*r tak tiu’ oMdatnm ot' inamaan* or ammoimilu salts \iliirli ha\‘T 
lilrnisrhrs hrt It |M-iHlurrd lyv tlir tiiromposif ion o| mfiann'iioUs iir«aiht‘ 
iiuittrr. dlir I'l'rf ” aiium*iua is i v|iri!* d 1*^ dis! thr additiun 

rd' |aitas\iuni hytlrovidr M»lutn»m %Uu!s! fin Hilro||rn*»us orrjatim rum- 
arr drrom|H»sMl uilli lonuation of amimMiia fiiistimnnshrd as 
n/luunumid nauinuihi I h) iHiiliUj,* uith an alkalinr solution id |ndas\iuiii 
|H*rnmimiUiiiti'' ; ** UI lanth rasrs tlm aimUinf *d afmiit*ma »tl»taimal in 
thr distilhiir is tm-uMirrd ridfiruminrully \Mlli Xrssh-rX sotulmit.*^ 
As thr roitiiium siUirrr of mtnij.naaiUs iU'Uanir iii.itlM' rv aiiiiual rrfusr 
in a stutr of* ih'riun|H»sitioii, Ihr jus-srura <4 Ihrst- nitI'o.x^n-n i’»iin|*uuiHls 
is sU|^^rsti\r nt' |aossililr routaiuinatn»n in a I\ tlu' |n iiod ulnrh has 
rlapsrd sinrr routaimnulnai \u-iuu r* thadi-it lamulilv in thr’ rrhdi<m 
hrtwriii thr aimmiits of lulratrs ami mtril‘-s, frrr- miiimmin, ami 
alhuiuiunit! umimauH. Tin* hdal iiimtifif v »»! ti\idisal»h" iui^atur iiiat!rr» 
ntii nrri*ssurily nitriiiu-mais, may hr- d* t* rtnim-d hv «lirrt't riiiiiltiistirin 
nf tlu' ri'MiiUi’nidiuuril hy rva|n*ratii*n ; it is also nit-asurrd hy olisrruii*^ 
thr rxt.rnt of ri'ditrlmn sufiVrrd hy a knoi,^n ^ohum- oi siandard |iutHS'=« 
siuiu jH*rinandat*^*h' stihduin uhni k* |d lil a *h Itiulr trmjirnituri* 
(oftrn ' i*.) tor sr\rrat hmu's uilh a im asura-d \i 4 uim- iil f hr uattn* 
in thr jin'sriH’i’ ol*std|i!iurir arnl iForflilianinirr s lu'orrssi ; ^ an l■’I^l|.arii‘lil 
fuftor is ms’rssary h»r thr rairnlatmn id’ thr |»rrriailai*r cd or^anit* 
mattm*.** 

Sulpliuir.s, sihVn, irtm* ridriimn amt I hr- tilkdii mriuls 

nrr also .simirtimrs rstmiatrd, as arr also thr iii,rvt#l;rd ^asrs, rlindiy 
iuxygmu rnrtH»u i!ioxid*% and tittr«»^*i'm 

Nniir id* thr i'hrliitrid trsts. lioiVrarr, 'With thr rX«.'r|dion of sllidt 
IIS rrvrnl thr jirrsrtua* id* jansonous suhslaiir*-’^, r.^r Irmk **r rupptr 
CHHtHHitiiids. i’an hr ri-gnrihal ns I'iiiitl ri'nhnrr ot thr sintnhility or 
citlu'rwisi* <if a %vnirr for drniktiti* jiuriaor-H, ami lr»r a dfdinitr ih'iision 
iin this [Hiini u hindrriiilo||$i*iil rxniniiintioii i% iirrrssarya' 

* TlairiMx i'hrm, SW,. IhTII, mi, 

® Hiss Hrlitilm iiiid 'raaiaiiiia /Irr,* |s7.3, 6 , In-ll , Imirlaiidi, Mriltrk. 

mail. C,*/irw., lS7n. *4. ll,irrM%%. t'hn-m. :pl. 

® Ah/. iVrtiMir Tiriiiiuifa /An* IsTI*. 1^, Xrsr.f* § 1 * 3 ; 

FrtWikliiiiil. Tmun. i%rm, sw,. inm. 

Wiiiiklyii, mid Hitailn iiitm. sws, lHi4t,;irr Srr 

Zritnrk, dmjtii*, Vkriih^ till I, 37 , l-lir 

* Kriidt’r*« Krititirii i?* rMiivriiirfiltv nrrafirrd aa! #'1;* :» nMiiiAAiiifii 

iiiilidr III HfstU r.r, Wfitfr iia*l iyldiim tu n odd, iiiilur4itrd .s^dafr-n »d tisrirwnr, 1 |i|Mriii«’» tinnl 
II fidiil nrratiifiiail |irrii|»diilr is tdkfiafird, Add »d |4<4.*fs.naiiii lirdr»op|s^ iti lAa 

i\i\ <if Wiltrr* mid flllitliy 11 Mitlirwail ijumitify *4 tnrt^m%r riska'idr i'-* r«n*tr 11 

idiglit, nmiiiuirid, yidlrav |irrri|iitiitir lalu!*' U* him. 

^ Hrr Kikitiii (J. Hum, rhfjfA, i%rm, »SWs, lilld, 4$, f*^r lit*’ iiilr.:t|rr*^iif'r id rld»*fttiri» i 

mid Kitjr {(‘ktm, IfiM* 110* hl| fur » mudilird loinn ni4»oApi«ii fpfriryiitiitii» 

witii thin flirtli*«l. ^ Tidy, ffdn^- rArwi, |s7!l, %% fttl. 

^ Hf*r Fmiiklmal, Snr, i%rm, imi., Ulli, diP; I'Ar «/ II iilmiwrl's, 

KirkfuitrirT |Mrifi»di Mtiwaimi, ^lalrd.* IP 17 . 
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For the cstioiatioii oT dissolved gases in water the former are gener¬ 
ally hrst nauow'd by boiling the water or by generating carbon dioxide 
in it ; in tiu‘ lattcn' (‘ase the bul)bles of this gas carry out any dissolved 
gas, (Voni which tlie carbon dioxide is easily renioved subsequently.^ 
("arbon dioxide iiself may be conv^eniently estimated by titrating a 
lucasun'd volume of the water with sodium carbonate solution until 
|)hem)lphl haiein becomes coloured, the method depending on the 
maitrality of sodium hydrogen carbonate towards phenolphthalein.^ 

^ S(^(‘ \Vinkl(‘r, ZviL'ich. mu/cw. Ohem., 1915, 28 , 3GG; also this VoL, p. 3G. 

ZrlM. (UKjvw, Ohim., 1912, 25 , 098; Auorbacli, ibid, 1912, 25 , 1722. 
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n\imin;iKS Pimoxun*:. uak. 

History. Ilyi!rin*i"u luTHMilr t»r. if \s stiuatiijMs li\ilrn^tii 

(lioxitlr, was lirsl «>lituiiir<i by 'rhrnani itt isis lu au of thr 

dilute nqtH‘t»us saintit»us tbritii-d Ity tla- aetiua mI vuriutts lauirra! itritis 
uu luiritiHi jn’roxiili’d la thi" rarl)' days i4 its uu aai r«»iisiderable 

t*oiil‘usii>n was eunsrtl by the sumlardy betwi-ru h^ilruMrii |Hisi\tdr‘ anil 
(*7.iaie in nqneuus stihitiaii.* 

Occurroitco. llydrt»*n'Ji ftrisiMdi' <n’enrs in \vt\ laniMtr i|iauititirs 
in rain water ami in snoW'7^ lad ds tiri’fin Iimt is mieertain. brine van- 
tnisly attribntrd tu thr aetnai ot tlir sunX vavs eu atfiitK| 4 i,rrii‘innisturr 
aiul in thr inti-rai'tinn * 4 ' rarltun dn^sidr ndh nats r ^ajaair nndrr thr 
inlltuairr nf snnlindd fnnninq jnrnrddriivdr and |trrisirfin-nir arid, tlir 
latter siibstanri' thru drc‘nia|»nsin!* ndh ja-Mdnrtnai * 4 ' rarlnai diuxidr 
and hydrn|j[rn prmxidr,-^ 

m Ht> tdl .i tt| 

I'hr tc4ul rhan^r in this rasr, thrrrfnrr, aintands tt> a drrianpnsdinu 
nf rarlHaii*' arid intn fnrniahh hydr and !iydr«»i 4 rn |irrit\idr, tad this 
t'X|>lanatitai is in4- sn j»rnbab!r- as thr I'nrhi-r <>nr, and tin' fVirinatinn id' 
liytlrngiii prrnxitir frnin an aqnnins snlntam nf nxymai in laieht snnti|»!d 
is a drfinit'i’ i*s|irrinirn!at fart/'* 

Alilaaigh thr jinint has brm thr snbjrrt nf rnnsnlrrablr rnnf isivrrsy, 
hyilrnyaii jirrnxidi' rrally a|qirars tn la* jirrsiid in tin’ jiiits-s nf sniiir 
plants, but unlrss rspriaal rare is takrn ts-rlain laitiinif* nxidatimi 
iaitidysis {a.rh/aAr.v| «a‘ nsidisine anints, uiiirh may a|sn br prrsrid, 
arc* likidy tn Iir niisfakrii fnr hytintiirn |irrrisid«a^ I1ir snunT < 4 “ flir 
hydnigtii prrnxidr in jdiints is prtibably a rrartmn bt'lwrrii rurlinn 
dinxidi' and wata^r nf tlir siiiur i’nnrsi' ns tlad siimirsird iibi»\s* fnr thr 
tdirtnii’id rliinq^r lir'twrrn tlirsr snlisf.anrr'H in suidinht, 

Fofllllltioil. 1 , /*Vanit If f hr \ aflntis iia f |ii»*is li\' whirh 
hyclrngim pi’rnxidt* has brtm arldirinlly jinitliirrd flir nldrsf is that 

‘ 11 l/'fillrcl. A li II. ( % i m, /*/i f/-^,, IS t H, H. ana ; NIII, II, »!l 

* Hisi .Vnrs, illS4, 50, 

^ HrliUfiis llm* ISfl, 7, |Hi 7 , iti, /ail, s”-!, In;?s , Issn, 11, 

26» aoii; I81N. 27, [ ism, ^7, 

^ HunM, Vhitn, Vh*-m, Sm-., liilii, |Wi|. dri»t|i , tii rlis, ,S*>>#*., 

IHHti, 49 , tUHl I«4it*vr4 liydn^icni iMtinrsI rirtHMrii!r»ii »tf 

HilllWiiy f/Vrr. i*hrm> ,NW., IHHU, 2 , r%»*fij|«r 4 ^tsilrr dutt Irid in ii|»tr>ilr*l III jilt’ 8 lt 4 

frand 8 Miilmtiiarr t’H|iid'ilr »»f hvilreifra I'Miirini*’'/Vairr 

/. 7 a-w. .Ver,, IlMllk Hr), ml. 

*• i'iirm, Xrtrn, IHM-I, 50. Ill, 7 HH j Ikrti, / rnpl,, |S!i:i, 16, I M/i , 

119, 2HII ; Ifiirli iiiiti Hrr,, Hi 4 l 2 , '|S. 2 I 4 »I, , ffina, 16. tiiil, IT/iil. 

iiiiM, 37, ail, :i 7 Hr». aiwa 
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involving the interaction of barium peroxide and a mineral acid. As 
already mentioned (p. 54), peroxides (superoxides) in general exhibit 
this reaction. 

II. By Electrolysis. —In 1882 it was observed by M. Traube that 
during the electrolysis of dilute sulphuric acid, hydrogen peroxide may 
be lound both at the anode and the cathode.^ Its formation at the 
anode is to be ascribed to the decomposition of persulphuric acid, 
llj)S20g, whicli is produced in some quantity. At the cathode the 
presence' of the liydrogen peroxide is due to the reduction of dissolved 
oxygen, and it has becai shown more recently ^that in solution in dilute 
sul])luirie. aeid under a pressure of 100 atmospheres oxygen can be so 
su(*eessrully r(‘diK*ed to hydrogen peroxide as to give a yield of more 
than <S0 ])(‘r (x'ut. of that calculated from the current used, and solutions 
of 2 -8 per cent, concentration can be readily obtained. That the process 
is merc'ly one of cliemical reduction is confirmed by the fact that the 
dissoh'cd oxygen can be reduced to hydrogen peroxide also by treatment 
with hydrogc'u in the presence of the metal palladium.^ 

In the elc'ctrolysis of solutions of alkali hydroxides under suitable 
(‘onditions, hydrogen peroxide is produced at the anode by the com¬ 
bination of the discharged hydroxyl ions. 

In contradistinction to ozone, hydrogen peroxide is not produced 
during the' ('lectrolysis of solutions of iluorides.^ 

111. Ill Processes of AiiUxvidattoil and Slow Combustion .—As has been 
iiu'utioiu'd t'urlic'r (p. 55), the slow atmospheric oxidation of substances 
at the ordinary tc'nqx'raturc {autoxidation) frequently gives rise to 
pc'roxidic sid)stances of powerful oxidising properties ; these substances 
art' unstable and in their decomposition give rise to ozone, and, if water 
is pi'c'sent, also to hydrogt'n peroxide. The slow oxidation of phosphoms 
in tiu' pres(‘ncc' of water is stated to be accompanied by the formation 
of a. little' liydrogc'n ))eroxide.^ In such cases the mechanism of the 
change' probably involves the formation of an additive compound of 
tlu' unstable primary peroxide compound with water, which subsequently 
(h'composes ^vith formation of hydrogen peroxide. 

Tlu' corrosion of mc'tals is another case of slow oxidation, and in the 
prc'SC'iK'i' of water appreciable quantities of hydrogen peroxide may be 
produced ; the* anialgams of the metals frequently give better results 
than tlu' metals thc'insclvcs. If the hydrogen peroxide is removed from 
the* solution as rapidly as it is produced (the addition of barium hydroxide, 
I'or example, will remove the hydrogen peroxide as a precipitate of barium 
peroxide), tbe yield of hydrogen peroxide may become almost quantita¬ 
tive, and ill the t‘use of '/,inc the fhuil result of the reaction may be 
represented:® 

Zu 1 Go |-tin20=--=Zn(0Il)2+H202. 


• Traube, lie,., 18H:J, IS. 22 . >5 8 ; Rio larz ^n» 

18:i; IHK7, 31 , !»I2 ; Rii-liiirz iitul bonnea, Zei<so7t. phynkal. than., 1896, 20 > 147 > ®“ne- 
nuum. ’/Menwr,,. Ohm., 1903, 34. 1- ■ ‘ ^ 

-MleneUeU & (^ 1 ., 1914, b3.W9, ()3 ,!(j 0. iQuoao 

* Taiili, Zi'Mi. I'Mclmchi'm., 1897, 3, 474; ,Slvii'i'ow, ZeifocA. anuuj. Chan., 1J0-, 33, 

2«): Pritlt'iiux, Tratis. Ffivcid. 190(>, 2,34. .oda _ nr iqqi >10 197* 

Kinr/rtt ('hem. News, 1878,38,243; 1-879, 40, %; 1880, 41 , 76 ; 1881, 43, , 

Chem. &ioc,p 1906, 89 . 481, ^ 
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Other metals, e,g. magnesium, cadmium, and lead, can be made to 
yield similar results,^ as also does palladium hydride ^ when allowed to 
oxidise in the presence of water containing a little sulphuric acid. It 
is possible, however, that, at least in the case of lead, the hydrogen 
peroxide owes its formation to the reduction of dissolved oxygen by 
nascent hydrogen produced during the corrosion.^ 

Many organic substances, such as alcohols, ethers, acetone, and 
especially unsaturated compounds like turpentine, are capable of slow 
oxidation, the action being favoured by exposure to sunlight; in the 
presence of moisture, hydrogen peroxide is frequently to be found 
amongst the products of the chemical change.^ The disinfectant power 
of the “ Sanitas ” preparations, the basis of which is obtained by the 
atmospheric oxidation of wet turpentine oil, is largely due to hydrogen 
peroxide. 

Hydrogen and oxygen, and even steam and oxygen,^ can be made to 
combine at low temperatures under the inliueiice of the silent electric 
discharge, and the process may be regarded as a slow oxidation of 
hydrogen comparable with the preceding. Also the silent electric 
discharge generally favours the production of unstable substances. 
For these two reasons, therefore, the formation of hydrogen peroxide 
might be expected, and the expectation is justified by experiment. By 
working with a well-cooled gaseous mixture, it is possible to obtain 
a considerable yield of hydrogen peroxide,^ whilst at —80° C. the yield 
is almost quantitative and the product pure.*^ 

IV. From. Water by Badioactive Substances. —Although radium salts 
will decompose hydrogen peroxide, they likewise form this substance 
when their rays act upon water.® Kernbaum® concluded that the 
^ rays are the most effective agents, and suggested that the reaction 
takes places as follows : 

2H20=H202 + H2. 


V. From Hydrogen and Oxygen or from Water at High Temperatures .— 
Hydrogen peroxide occurs frequently amongst the products of gaseous 
combustion in the presence of moisture,^® and of the combination of 
hydrogen and oxygen by flame or explosion.^^ On account of the 
instability of hydrogen peroxide, it is advisable to cool the ]:)roducts as 
rapidly as possible, for example, by allowing the flame to impinge on 
the surface of cold water or ice,^^ the condensed liquid will exhibit 
the reactions of hydrogen peroxide. 


1 Duns tan, Trans. CJiem. 8 oc., 1911, loo, 1835. 

^ Leeds, Pharm. J., 1881, [3], ii, 1068. 

^ Lambert and Cullis, ibid., 1915, 107 , 217. 

^ Thenard, Compt. rend., 1872, 75 , 458 ; Houzeau, ibid., 1872, 75 , 349 ; Schaer, Ber., 
1873, 6 , 406 ; Kingzett, Trans. Oiem. 8 oc., 1874, 12 , 511 ; 1875, 13 , 210 ; Dunstan and 
Dymond, tbid., 1890, 61 , 237 ; Kichardson and Fortey, ibid., 1806, 69 , 1352. 

^ Fischer and Kinge, Ber., 1908, 41 , 945. 

Fischer and Wolf, ibid., 1911, 44 , 2956; Besson, Compt. rend., 1911, 153 , 877. 

Wolf, Zeitsch. Elehtroclmn., 1914, 20 , 204. 

® Kailan, MonatsTi., 1911, 32 , 1019. 

® Kernbanm, Compt. rend., 1909, 149 , 116, 273. See also this Vol, p. 227. 

10 Leeds, Cliem. News, .m4, 49 , 237 ; Traube, Ber., 1885, 18 , 1890 ; Finckh, Zeitsch. 
anorg. Clmn., 1905, 45 , 118. 

Dixon, Trans. Chem. 80 c., 1886, 49 , 94; Charitschkolf, J. Buss. Phys. Chem. 80 c., 
1910, 42 , 904. 

Engier, Ber., 1900, 33 , 1109. 8 ee also Nernst, Zeitsch. EleUrochem., 1905, ii, 710. 
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Whether the production of hydrogen peroxide in the last case is a 
direct process or is due to the further interaction of water vapour and 
oxygen at high temperature is rather uncertain. Certainly at very 
high temperatures oxygen and water-vapour will combine, with formation 
ol some hydrogen peroxide which can be detected after rapid cooling.^ 
Indeed, the combination of water-vapour and oxygen may be effected 
even at 130*^ C. under the iiiQuence of a silent electric discharge, and at 
very higli temperatures even water-vapour alone, without the addition 
ol an excess of oxygen, will undergo slight conversion into hydrogen 
peroxide.- It is therefore possible that the slight formation of hydrogen 
peroxide in the combustion of hydrogen, of moist carbon monoxide, or 
cyanogen, may be due to a purely thermal influence on the water, or 
water and oxygen, present. The observation that traces of hydrogen 
})eroxidc are produced when an arc discharge is formed, using very 
dilute sulphuric acid as a cathode,^ may have a similar explanation. 

Preparation of Hydrogen Peroxide. 

I. Fro)ii Metallic Peroxides ,—For the preparation of hydrogen 
IKM'oxide in (quantity, use is generally made of the metallic peroxides. 
Sodium |)croxide reacts with dilute mineral acids producing hydrogen 
])eroxidc‘, but the considerable solubility of sodium salts renders it 
diilknilt to obtain a pure solution of the substance except by distillation.^ 
lk)ta.ssium hydrogen tartrate and potassium lluosilicate arc sparingly 
solubk' substa,nc-cs, so that dilute aqueous solutions of hydrogen peroxide 
may b(‘ ])reparcd by treating potassium peroxide with dilute solutions 
of tartaric acid or hydrofluosilicic acid.^ Barium peroxide, however, 
is tlu‘ substance commonly employed. 

Some* of the earlier processes depending on the use of barium peroxide 
wt‘re iacon vcnicMitly cumbrous. Thus Thenard, early in the nineteenth 
ci‘ntury, recommended a method of which the following description is 
mcrc‘ly an outline, many details being omitted.^ Powdered barium 
peroxide* was dissolved in dilute hydrochloric acid and the barium then 
prc*(*ipita.ted by the careful addition of sulphuric acid. The resulting 
solution, (jontaining hydrogen peroxide and hydrochloric acid, together 
with impurities from the barium ])eroxideand probably a little sulphuric 
fi(*i<i, was trc*a,tt‘d with a little barium hydroxide solution or barium 
pt‘r<>xi(lc* cimilsion when any heavy nutals were precipitated at the same 
tinu^ as the suli)huric acid *; by the artiflee of previously introducing a 
little* ])hosphoric. acid, any manganese or iron could be simultaneously 
rvmovvd as th(*ir res})cctive ])lK)sphatcs, whereas, if allowed to remain, 
tlu'y would have caused ra])id decomposition of the hydrogen peroxide. 
After tins trc*atmeut tlui solution contained only hydrogen peroxide and 
l>arium (diloridc, the latter of which was removed by conversion with 
silver sulphate into silver chloride and barium sulphate. The clear 
solution of hydrogxai pca-oxidc* thus obtained possessed a high degree of 
purity and was linally concentrated in a vacuum over sulphuric add. 

‘ Finchta' nail liiagt*, UK)8, 41 , 045; Fischer and Marx, Ibid., 1906, 39 , 3031 ; 
10(^7, 40, 443 , IIU ; K:ahll)a\nn, (hrman Patent, 1908, 197023; Findlay, i/eifecA EhUro^ 
ehem,^ 1906, 12 , 129. ^ Fisohor and Riiige, loc. cit 

Makowetzky, Zeitsch. EleJdrocJitni., 1911, 17 , 217. 

^ Marck, Ovrmtn Patent, 152173; Hoffmann, Amialcn, 1865, 136 , 188. 

» ’■J’iu'nard, Ann. Chim. Fhys., 1832, 50 , 80. 
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The disadvantage attaching to the direct conversion of barium 
peroxide into an insoluble salt by treatment with such an acid as sulphuric 
or carbonic acid, lies in the sparing solubility of the first-named substance 
which causes the reaction to be incomplete. This difficulty can be 
remedied by previous prolonged agitation of the anhydrous barium 
peroxide with water, by which treatment it becomes converted into the 
hydrated and more reactive compound BaOg. SHgO. This readily yields 
dilute solutions of hydrogen peroxide when treated with aqueous 
sulphuric,^ hydrofluoric,^ hydrofluosilicic, phosphoric,^ or carbonic 
acid.*^ In the case of the last-named acid, it is important to use an 
excess. 

Ba02+H2S04—BaS04-l-Il202. 

The resulting solution will contain saline impurities such as salts of 
iron and manganese derived from the barium peroxide. These can be 
removed by the addition of a little phosphoric acid followed by neutral¬ 
isation with barium hydroxide solution when the metals are precipitated 
as phosphates. If necessary, further addition of barium hydroxide may 
be made in order to precipitate the hydrogen peroxide as pure barium 
peroxide, which on treatment with the correct quantity of dilute 
sulphuric acid will give a pure solution of hydrogen peroxide. 

Purification from mineral impurities can also be effected by extracting 
the impure solution with ether in which hydrogen peroxide is very 
soluble, although less so than in water.® The value of the process is 
somewhat discounted by the possibility of formation of organic peroxidic 
compounds wdiich may give rise to violent explosions during the dis¬ 
tillation of the ether.® Dilute aqueous solutions may be subsequently 
obtained by merely shaking the ethereal solution with pure water. 

II. From Per-Acids .—Another process suited to the economical 
preparation of hydrogen peroxide is based on the decomposition of 
permonosulphuric acid under the influence of water. The acid, 
prepared by the electrolysis of sulphuric acid or by the interaction 
of potassium persulphate and sulphuric acid, undergoes gradual 
hydrolysis according to the equation 

H2SO5+H20^H2S04-f H2O2. 

The hydrogen peroxide can be separated by distillation under 
reduced pressure.*^ 

The use of other per-acid salts such as percarbonates and perborates 
has been suggested for a similar purpose, as also has the direct treatment 
of ammonium persulphate with steam.® 

III. From Autoxidation Processes .—The slow oxidation of metals, 
such as zinc or cadmium, especially in the form of their amalgams, in 

^ Thomsen, Ber.^ 1874, 7 , 73. 

2 Hanriot, Compt. rend., 1885, 100 , 57, 172. 

^ Lindner, Monit. Scientif., 1875, [iii], 5 , 818; Davis, Chem. News, 1879, 39 , 221 ; 
Bourgougnon, J. Amer. Chem. 80 c., 1890, 12 , 64. 

^ Duprey, Compt rend., 1862, 55 , 736; Balard, ibid., 1862, 55 , 738; Lunge, Zeitsch. 
angew. Chem., 1890, 4 , 3; Mond, Ber., 1883, 16 , 980; Merck, German Patent, 1907, 
179771, 179826. 

® Crismer, Bull. 80 c. chim., 1893, 6,24; OssipofE and Popoff, J. Russ. Phys. Chem. 80 c., 
1903, 35, 637. e Briihl, Ber., 1895, 28 , 2847. 

^ Consortium Elektrochem. Industrie, German Patent, 199958 (1908). 

8 Soc.rAirLiquide,i?^re?^cA Pa^en^,476816(1914); Cobellis, ?7.^. 1195560 (1916). 
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th(‘ pn*siiUH‘ water, has also hoeii siig^^csted as a basis for an industrial 
pri'iKirution of liydro^nai peroxided 

Concentration of Solutions, In dilute solutions such as are 
t^bfained as the first |)nHluet in most of the methods of preparation, 
h\dro<^n*n fUTtexide is fairly stahhx Wry dilute solutions can be con- 
eentratetl In* earetui evaporation on a water l)atli, but it is not usually 
ad\antaya*uus to (‘oiietiitratt‘ in tliis way btyond 50 p(T cent, because of 
tiif ituTeasi* in th<' ratt' of decomposition. Another mctfiod of con- 
eentratin^ a <!iluh* solution is to submit it to })artial freezing*, when the 
tool her hipan's are tauiiiuai in hydrojuji'n pta'oxide ; by re})eatin^ the 
treatment with tlu* toother litpiors several times it is possible to attain 
a etiiieent rat itm ofno per eent. witii litt h* trouhUx^ The low teni[)era,turc 
involved in tliis nietluid inlrodu(H*s tlu‘ advanta^‘t‘ of redueiti^' the ten- 
deiicyv of tlu- solution to nnderiifo sponlan(‘ous (h'eomposition. For the 
preparation (»f ptire hydro‘ 4 ’en pt'roxieUx fraetional distilhition is the most 
eonvrnieut pn>eess,‘* t lie ilist ilia! ion luinii; elhadeil under redueetl pressure 
in order that the ttaupi-ralnre may In* as low as possible ; water, being 
the mort' \ iilntile, distils first, 'fhe danger of t“X[)i()sivc‘dt'eomposilion 
during distillation ^ appears to lu* mmii grea.tti* with solutions which 
have alread) been eonetadrated by extra<’tion with (‘ther (set‘ p. 332). 

Kxei ptionally pure hydrogen [leroxitle was obtained by Maass and 
llHleht*r‘’ from a 3 pt r t'ent. solution prepartal in tlu* usual way from 
eoiumerrml barium hydroxide, ’'fliis was first eoneentniltxl to 30 
per (Silt,, Using a speeial type of sulphurie acid eomiidrator,*’ but this 
pn»du(d requin d u*ry eareful handling as all nomvolatih' impurities 
had also lam (mms ntrated in the pro(»ess. d'lu* li(|uid was now distilled 
at i\ under a prissure of H) mm. of nui’eury maintaim'd with a 
snlplnine aeid pump. (Qualitative analysis of tlu* ilisUllalu: sliowed 
the ai»srii(‘r of all non volatile imjmrities ; sulphurii* aeid was also 
absent, but in thosi" (’usi s wluiX' tlu* original p(‘roxidt* solution (amtaiiied 
targe anuaiids (»f chloride, some hydroehlorie aeid was pr(‘st‘nt in the 
distillate unless tlu* original solution was first much* alkaline. The 
distillate was now rxcsaaiingly pun* and eonlained on tlu* average 85 per 
eriif, td peruxide, the remaituler laang wafer. This was (‘oncentrated 
to no per et iit, peroxide over sulphurie Jieid in tlu* S[>eeial eoneeutrator 
rrtVrred ti* above. It remained to remove, in so far as possible, 

the reimiiiiing 10 pi t* eent, (»f water. This was effe(i(*d by systematic 
fVaetmiial rrysfallisalum, a product eoutaiiiing 00*03 per eeut.'^ of 
pertjxuh' bring ultimately ol»tained.*^ Tlu* most eonet*id.rated com- 
iitrreiitl solution i»t hvdroj/en pc*roxid(x <’on(a.ining n.bout 3(t per cent. 
nJK IS luiowii as pirhtjdrul (si*e p. 330). 

I^rcscrviilioii, (In ueiaumt of its instability^ and even ex})losivc 
friiihiiey it is advisable to nsv hydrogen peroxide in the form of a 
sohif lull, a eonernt rat ion of 30 per (X'lit. being su(!ieit‘nt lor most purposes, 
wtnlsl liitii'li more dilute st»Iufn»ns will olt-eii sa.tisfy tlu* ue<‘ds ol experi- 

*■ L'i'.iie, •/., i66, ttiin. 

^ IfiiJi} 4, u-n4., IHH.i, UK), To, 172, So’ jiino Alirle, J. pmkL (Jhem.t 1909, 

7a. 17*^ 

laiOin. Ihf , I.HWK 27 , xmi, 

* >1 Uli.\ •/l. arssfij*-/, f 'hrui.^ 1 ^* 43 , 3 , 

' yiirt-i'.ael Jmrr. fhrm, 1920. 42 , 254H. 

'' Xhisi! s ! , I* 2411, 

' \frsi5i >1 I .iir 

» SI. . ..i.i.i ^ a.-ik ‘.xsa.n w,u4 yi )*2 i)«r cent. 


uxvta:\ 


3.10 

iiuiits. Siiuiil IniiH's of atk;dj. stifh as luay l*r div\iihi-»| I'ruiii 
auti af suah iuipuritii‘N as mm uxnir aiai *- n dust will »'rral|\ ^iri't-lrralr 
tlu‘ dcrampasitii»ii t4' tin* suhstaut*!-, tfu' staltdi!) mI I hr si*liiti4iiis 
(li‘<*n’asiiia with taaua'utratlaa. In urdrr tu a^tnd with ^dass, 

thr hntth'h an* l'rtH|Uiiiily Inu'd aial sti»|i|trrrd uitli pa.rairin w,i\. .\ 

vt‘rv small i|iianUly td* an aaid is IViipa-utl) at!«h. d as a prrsria at n f, 
sul|»hurii* acid hc-ina rtaumnnl) fla^sfin tail ufhrraaiiK arr' rffi rtn r, am! 
curtain (H'oanic suhstaiicas '■ ha\4' Un-n hmnd litiAtii a niarkrtl |*r«-sria a - 
tivc atdicm, unc oT I la* must rClr»*ti\r bi'iiiu arr-iaiuhdt' isra |*. 

It is sta.ti*d that purr anli\drtms hvtiruj.aii prraMd*- il**rs ntif 
cuinpusr at 0 ' i’d* 

Ihivsttwi, Ihnuu-aiTir.s tn ||vi»HiHn:\ 

Auhy<it‘uus !iNtlrr*i4ru prroxidr is an almust ruluurlrss s\rii|n h*|iiiild 
whicli in bulk is smi trt ha^r a faint rO'i'^^onsli blur is4i»iir rafltrr itutrr 
markrii tJian that uf watrr.’' 'Thr ««.luur mI' I la- purr siilrd aurs iv sfalnl 
turccaUthal uf nitric araid'but t hr ililuir s»4ui ams arr rtillnmf «»diiiii. 

Purr hyilrit|4i‘n prrnxair rradtly assuinrs an uarh rrHt.4* d niadifnm 
ami may refuse iti I’rystulUsr r\m at tr-mprratms--, ,?% !hu as MU I ,, 
althuui^ii its mi’ltiii|y-)H»inl is Vln i d li. hnurmT, a siii.dl iiuaiitit) 
be snliiliruHl liy strtmaly tHinliiru r.:;*. ivifb a mixturr of suhd rai'brm 
diuxiiir and rlhri\ the prudiirt can bs usrd as a nUr’h iis t»i mducf 
crystnllisatinn at trmprraturrs just Ih Ihu tie nn Itinc 11c 

solid t-ht'U sc'paratrs in prismatir rr)stals, ami frartnmal rr\slallisii !imu 
may In* applinl as an rllVrlur nnlhiMl *4' Imal |airilirafn»ii;^ 
evaporation of the ln|uid ran iirrur at thr oMhnai\^ t.rnipi-ra!nrrd ami, 
undrr ri*ttucrd pis'ssurts disf.iUatnm iiuiy !«■ rfCrcIrd with unh shylit 
<ii*com|iositioin tin* lHnliin4dn»int uudt'r nun, of nirrrur\ brim,» 
OU'2''Ilydro|4im |HToxidr ts drusia* than water. Ilir followin',' data 
being given for the anhydrous Injunt dHiiUI prr crnl.,:i : 

} -didl ■ ti'ini itMo ivaa mn 

I ia?n I nil i mm inns I Ilia 

Thr variation in ilrnsitv with dilution is slii.»wn in thr loHowiiiif 
table ^*^p. hi i). 

Water is mi.seililr with hyttrogm prroxidr in all propiirlioiis. ii shglit 
evolution of heat iiei’oitipanying tlii^proeess j alllmuali dilulr snliittoiis 
are neittrid in react ion. purt* hydrogrji prroxidr apprars to !»■ fnltly 
imidied^ Tlu^ a«{tua»us solutions havr n rharatlriistir itii|i|rasiiiit tnsfr 

^ llrrdwrt J. ^tmkL Vhrm,^ iHlK. |a|, tH, :io:i, 

® Wftittm liatl Jadti, ^ofOr/r i*hitMknL 140,1. M i. ll*» , I '"t sw-ff. J Pllil? I'« . 
iini. 8S. 5:iH; Mert’k. th'jmun HOa. . tWlirt. I%mm IriUr-ills^. 

48.17 I Aimir, J. l*krm, Sm\, P.«l7. tyj, it,. liU. Srr- .iNm llrmbL /lr# . jg. ;!hA| ; 

.Stiieclil, umirii\ ('hrm,, Hurj, 15. aiL*; KiiiM'/*'tt. J. Vhrmi. inA . |M»f, q, H 

fuel iiiilrltrr, J. Am*r, (%rm, .sW., IliLfu, 4a. 

* VViiifff»a»t.rill. /Irr,. |H|»4, 27 . 1111 . " Heoias Znl^rh. iimitii finm., isure 1. lei, 

* Hiinrita, ('umpL rrml., IHHI, iot>, 177, * Mji o ^yil IIaU lir-r, nf 

HtiMslel. ZriiMfk. # 7irw,. l»«rj, 1^. Ii-I7 ; Abriis J. , U.hf.i, yt). Pit. 

1 rfUtt«% /Irr,. iHHtt ^3, |,»7a; Wr|t|r||f»lriu. ril, 4S#^«» f*1*, 

Ffimiittii *SVir., Hitll, | n Iai. 

Brulil, im'\ rii, n ypi^j JUil if, Aw^r, eSWi' . »|3, 7-»|s. 

WrItIriwmilU l<«'\ ril. Hi‘e Crtrriimrtmi Briiigliriili. 07#4aff..i. Itwill. t j. liti;?. 
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atitl, if fairl\ rail’d, attack the skin, causin<»' a priekliug sensation 

and thi’ iurniatiun of opaiinc white ]>atehes whieli slowly lade. Kther, 
alruhul. and aertie acid are also i^ood solvents tor hytlro<reu peroxide. 

DENSrrY OF AQUEOUS HYDROGEN PEROXIDE. 
(Maass and Uateher.) 


II a r. per ernt. 

Dcn.sit V at ()*’ (1, 

DeaHity^ at 18° C. 

omo 

0-n9P87 

0-99802 

I0’o7 

l-Oldl) 

1 -0372 

T2'n:\ 

l-OSDI. 

1-0815 

PM i 

MUaa 

1-1552 

:>Vrli) 

1 -2 M) 1. 

1 -2270 

M-iai 

1-2(>10 

1 -2P)5 

7;m 1 

1 -3235 

1-3071 

S t*h() 

t*3S3n 

1-3002 

no- pj 

Ml 11 

1-;U)55 

ns-NO 

MolHd 

l-l.P)l 

lllMbH 

bPi32 



In IIm' lullouin !4 table are ^i\en the more important physical eon- 
slants ut ltMlro!4en peruKide as (‘tnupared witli watt'r, compiled from 
the data supplied by Maass and Hatcher. I1u‘se may l)e. taken as 
rntn* l\ teplaenp 4 the earlier data of Hriihl and others.“ 
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Hytlrogon Ptu’oxblii 
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iHiruls with other salts an* protiueibh* in a sinular niniiiHT.^ In 
leh eoinpouncls tlu* hviiro^aai |H'roxi(h' is tuily lrrhl\ r{HHhinr«l and 
rt’niovahh* by flu* addition of water or In ostraetioa uitli vWwrr 
nit(* rnspu ntly it. happms that tho hNainM^on |Na*o\idr “ ui orystallisa 
on’" is acH'oinpaidcd by wator <»!' erystallisation, tin* sudniiu salt/* 
XanSOj. *il l.»p . 11J ).H <*orn*sp{H!dinn ^vith tin* abior anunomuni sal! 
:‘ino a cast* in point, 

\Vln‘n a nnxttiro of hydroLfon pon»xido ami h>dnleldorie aoid is 
/ai)orated in a platiinnn dish* a (S’rtaiu annaud of ohh»r| 4 atini<’ aeiil 
rortne<I.'^ Hydron^on poroxido is <’apablo of displa<ant4 aoids, Uidabl) 
le halo^fen a<*ids,‘* in <'ertain eiromnstainss. Addition t»f satnraird 
>pper nitrate* scilntion to tin* poroxido rosiilts in t hf proripdat iort < 4 ’ 
rown hvdratod <H»ppor oxhio with siniultanoous o\4dntion of oxy^^a n, 
similar |n’eei|Htat(‘ is <d)tainoti wlion eoppor b»il is itdrudnood iiit<» a 
dution of hyclr(i|j[oii ponndth* reaitnininix alkali iiitrati s m' sid|»hatt‘s. 
h(‘reac‘ti<»n is prt*.smnod ^ tii tako place* in sovoral stairs: thns, m tho 
ise* of sodium siilphate* solutieai 

NanS<>j I NnA>. i H.SOj; 

NaJb, 1 1 !J) 2 Xh(>H * 

Vn \ n.,S()p Hi). (’nSC)j ^ 211 . 0 ; 

CuSOj i 2XaOII Na.SOj = i*nO, lid). 

Ilydro^eii jH‘roxide‘ xjipeiur affoeds u plndtafrapliie* plato m the sann' 
iiy as expeKsure te> lioht/ the* se*usitise*ei tilui ehtootiui^ ttto pre*souta* t>f 
; little its K lo jLp’anis of vajitinr per etdiie* eontimotri* p Mi this 
)Wer is predaddy to bo humd the* oxplamitiem eif tho jdtedeiiiraphit* 
•tion of se)nu* oxidisalde* ntedalsA Tin* ofb*fd is a olioiiiiead eai«'d” 
rednibly anal<>|^nnis te> tin* action ul' hyeirtiinai poretxith* eai silve r e^xule* 
iee‘ hi ter). 

Towairds protopliisin liyelroiton poreexitio t*xta1s a doeiilodty potsom»ns 
‘tiond' so eau.se*s tho eleaitli ed* tn^nude* formonts siu*li as yeast, 
iJiou^di it dot's md.. noeessarily afft’ot tho at*Uvity <d’ tho on/*ynios. 
iisess have Ihh'U td»servt*d tef st*ods, moulds, and phaue»eytos I lie ifnewth 
’ wliiedi WHS favoured by vt*ry tiilnle stdttiioits of hydreini’U poroxielod*^ 
.it it is possible* that, sueli re'sntts may b«* dm* to the- pn*.st*m*o m flie 
'ganism of seano ornanie* entalysi (eatidaso) whii’h taoisos the' tit'oeim- 
vsition <d‘ tho poroxhle* and so prove-nts its ustiid aotioud"^ In ehlute 

^ TiuiiUftr, Vhrm,^ HMU, 28, 2 fif» ; /Irr., iHatl, ;p, b'»ll ; lindriilns 

Jiiim, Phyii, Vk^ffh *SV#f,, 4 ^, PiUll; M«4ik*4l, 4if4., IWv*, ' 14 . ; Krt/»iiirrlii, 

VI., bH4, i6» Ilin. Miuwii iiiid Iliilfitor, hit. r»l, 

* bc»fcrt*rtKts ,/. Hum, C^htm, HWiLt, 34 , 2u4, aai, 

3 VyillHtittfor. Ilrr., 1110.% 36, IH2H, ^ Min-ri. Ml, thim, figrm., |!l|7, 56, 41*7, 

Hporlior, (*hrm, ZrHir,, HIM. i., I’M, 2111!! i 11113. a,, ti!ir »; 11»|:% 1,. Mfii. 

S|K*rhor, ilwl,, HUH, i., 4fSI. 

^ fkiriydldiietilU ilwl.. IIIUII. it. 2 ta i /Vw*. /iw/, Sm\, 64, ' 

•aiuilt. Hill!. Sw\ rhim, llrlf/., IIMIH, aa. 22-1. 

** villi AuIh*!, (’ampt. rtmi,, ll«U. 138, IMIl ; iVodit liinl Mfsiiki. Krth^th. phi/mhil. Hirm , 
( 15 . 63. 2:111. 

* Hiioliuiel, /'Vii/mIx IlMIH, 26 , Hllll. 

Aatl nf»f elui^ tc» riMlialnia fw t»y Php^ihtL . imu. ilss , 

'rokeatH, Zeitmh. umjtw, CVn-wi., lIMVI. 18, -isd, 

liiTt fUicl Ht*Matirel, (kmpL rtmL, ISH2, 94, 1:1H:m Hfimlol, 'foiirf. #%rw. msl, 

. :i2B. 

IloaniiwHy, rtrnd,, tiUfl, 16a, 4 . 35 ; Oii«liit iunl Ikrh, lirr., |!i 4 i 2 . 35. 1215. 

^ailairg«*r. Inlrrn, Ztiinth, pkiiM.^rhrm. liiVil.» Iflirs 2 , 255. 

** Btr.. MM 12. 1275. 
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!IVI)n()(,‘F.X PEROXIDF, H,0,. 

a(|!UHHis soltUian hy(iro,i»X‘a peroxide Jbrms an excellent antiseptic 
wash for sort*s aiui woundsd 

Sonu‘ (if tlu‘ most strikini»* ])rop(‘rties ol'the substance are connected 
with its n ady lit eouiposition and the elos(‘ly ndated oxidising power 
which ha\ e provrd very attrai'live fields tor ])hysiec>-chemieal investiga- 
t ions. 

(hitalytic Deccniiposition. Hydrogen peroxide can be regarded 
as stable only in (*old dilnl<‘ atpieons solutions tVec^ tVoin even traces of 
alkali, (san|Hiunds of the heavy metals, and susptauled solid matter, 
and when pniteete<i from <*xposnre to Imghl ilhiinination. Thus in 
sttlution in ta|j water decomposition occurs iirty times as rapidly as in 
etaidueli\ity water.*' Minutt* (|uantitit‘s of alkalis markt‘dly accelerate 
tin rate ai' decomposition,'^ possibly hy Hie intermediate formation of 
unslahle “ salts " of tlu' p('roxid(‘ {sta* p. .3,33), iiu' ael ivity of the catalyst 
being tiependent np<»n coiu'cnlration of llu‘ hydroxyl ion which it 
yithls/^ Kxposun,' to ultra-vioU‘l radiation also induces the rapid 
ileeoinpt»sition of Iiydrogiai [u*roxidt‘, Uu' reaction in this ease being 
nuiinolei*u!ar/' and also diOVring from the spontaneous or purely thermal 
dei'oinposition of tlie solutions in being neeel(Tated both by alkalis and 
at‘ids/* 

On neeount tif tlu* extreme sensitiveness of hydrogen peroxide to 
external ndluenei’s, it is almost impossilih* to eonsidt'r tluMlecom]>osition 
proeesN apart fnau the effect of (‘atalysts hecaiist* the minute tra,C(‘S of 
furnitn matti r nawitahly |)resi'ut. in a '' pun*'' substance and the walls 
of till- euntaimiea vessel are taipahle in this cast* tif [iroduciug a dis- 
prirptaiioinite effect iui tin* stability of tiu' compound. Kven water 
exerts a dediin’t i‘atalytie effect.’ Ordinary pure hydrogiai peroxide 
and its s(4utn>ns, as is to he expected, <l(H‘{)mpos(' more' rapidly when 
the tenip. r.dure is nusetl,^ hut, as has alreatly Inxm stahxl, the decom¬ 
position is stilheientl) lU'adual to permit distillation mulin' reduced 
presMirr , The till rmal def’ompositiun is a himoleeular proeisss, and in 
the ease of tlu pure eompoumt the heat gi'iu'rated during the chemical 
ehaiige tends to make tliis hei'ome I'xplosive. With i>ure hydrogen 
prrtixule the o\\-grn Uhii'ated uu'asured at M-" and mm. is 475 

tiiiirs flu* \oinnif of tlu’ tn’igiiuil hydrogen peroxidt' ; wit.h solutions ol 
the snhstanee the volume of oxygen (at N.T.r.) produi'ihie by the dc- 
eiiniposilion id' iimt \olume of tlu’ sotuUon suj>pli(‘s a conveniind; method 
of expressing the eoiteenlmtion ; solutimis are therefore IVeipiently 
sold net as oi' a certain perei'iifage eoneentration hut- as ten volume,” 
“ fwrlitv Viituilles” efe. : 

gild). glLOfO.. 


* itral, pMes aU. Fuf llu* lU'tiMii <if liytlrogtai prroxidr on ilio 

lisiivji ■’••I'l'S-iaeaiii, f*-*'*' n»»|'OUii<'a siia*l C^its‘’iililt» Ha.* I tn*», 

''d ItO!'41, 'fetr.-i >•«', HUft 11. tltt 

> t, 4 as Ir.nnUn. |s 7 h. ; ^lammarm, 

/rifj.-t 4 . HI ; Hnuiums rrm/., HHa, x. 6 l. 47. 

» \ , 40*1 nmjtit, (%m., Ittl4. 27,'JiU. 

" 4‘eiis I f'-nJ , lU|o, ixn fn-U*, UUo ; Ht-i' JftMir, J. (itrm, 1915, 

fnfl, a, SI’S, \nelj,r..e:> siiiii etisir-i, J, UU4, x 8 , ICC. 521 ; KomMd, 

rh . l*Ci. 41. Uit 

ir,\l •%, -thi I , 4 , 4C ; Thiele, /lrr., HHl7, 40 , 4914. 

* \04l!rfrit«'4Si, tw* ri?, >ei* XefitHt, ZritM'h, ph^mM, ('hrm.., 1904, 46, 720 ; 
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A ten-volume strength corresponds approximately to a 8 per cent, 
solutian, and a twenty-volume strength to a G per cent. Perhydrol 
(p. 329) is practically a 30 per cent, solution corresponding to a one 
hundred-volume strength. 

Many other substances than those mentioned above possess the 
power of markedly influencing the rate of decomposition of hydrogen 
peroxide, especially in feebly alkaline solution. Carbon,^ silver, gold, 
the platinum metals, and many other substances ^ in a fine state of 
division are exceedingly active, but if the metal exposes only a smooth 
polished surface, the result may be relatively inappreciable.^ In 
colloidal solution the activity of the noble metals is still greater,^ and 
the effect of one part of colloidal platinum in more than 100 , 000,000 
times its weight of water exerts a distinct catalytic action. Whether 
the effect of such metals is due to a mere surface action or to the 
continuous formation and decomposition of an intermediate unstable 
oxide is uncertain, but the former view appears more probable, because 
all finely divided substances exhibit a similar although often feebler 
effect; silica powder, for cxain})le, has a very considerable accelerating 
influence on the decomposition.^ It is a very remarkable fact that 
these colloidal substances lose their power in the presence of almost 
equally small quantities of such substances as mercuric chloride, 
phosphorus and arsenic hydrides, hydrocyanic acid, and hydrogen 
sulphide, which are therefore described as “ poisons ” to the catalyst.^ 
Some organic substances such as alcohol act similarly.'^ The de¬ 
composition of hydrogen peroxide is usually regarded as a reaction of 
the first order ^ or monomolecular, whether in acid or in neutral solu¬ 
tion. The reaction is convenient to study, since its rate can be 
followed by titration with permanganate, or volumctrically, by measur¬ 
ing the volume of evolved oxygen. 

In alkaline solution the activity of the colloidal platinum increases 
to a maximum with increase of alkalinity, and then decreases. In this 
respect it behaves in an analogous manner to certain inorganic ferments.® 
Exposure to Rontgen rays retards the reaction.^® Colloidal rhodium, 
palladium, iridium,^^ silver, and gold behave in an analogous manner 

1 Lemoine, Com'pL rend., 1916, 162 , 725. 

- Filippi, Chem. Zentr., 1907, ii., 1890. 

^ Spring, Bull. Acad. roy. Belg., 1895, [3], 30 , 32 ; Teletoff, J. Russ. Phys. Chem. Soc., 
1907, 39 , 1358 ; Lemoine, Cornet, rend., 1916, 162 , 657. 

^ Bredig and others, Zeitsch. physikal. Ghent., 1899, 31 , 258 ; 1901, 37 , 1, 323 ; Ber., 
1904, 37 , 798; Kastle and Loevenhart, Amer. Chem. J., 1901, 26 , 518 ; 1903, 29 , 397, 563 ; 
Senter, Proc. Roy. 80 c., 1904, 74 , 566 ; Price and Friend, Trans. Chem. 80 c., 1904, 85 ,1526 ; 
Paal and Amberger, Ber., 1907, 40 , 2201 ; Teletoff, J. Russ. Phys. Chem. 80 c., 1907, 39 , 
1358 ; Lebedeff, Bull. Soc. chim., 1908, 3 , 56 ; Macinnes, J. Amer. Chem. 80 c., 1914, 36 , 
878 ; Lemoine, loc, cit. 

® Lemoine, Compt. rend., 1916, 162 , 702. 

® Bredig and Fortner, Ber., 1904, 37 , 798. See also the above references to Bredig’s 
papers; Brossa, Zeitsch. physikal. Chem., 1909, 66 , 162; Maxted, Trans. Chem. Soc., 
1922, 121 , 1760. 

’ Meyerhof, Pfiiigers Archiv, 1914, 157 , 307. 

® Disputed by Rocasolano, Anal. Pis. Quim., 1920, 18 , 361 ; Compt. rend., 1920, 
170 , 1502. 

® For further details the reader is referred to this series, Vol. IX., Part H. 

Schwarz and Friedrich, Ber., 1922, .[A], 55 , 1040. 

Kernot and Arena, Rend. Accad. Sci. Pis. Mat. Napoli, 1909, [3], 15 , 157 ; Zenghelis 
and Papaconstantinos, Compt. rend., 1920, 170 , 1178, 1058. 

Brossa, Zeitsch. physikal. Chem., 1909, 66 , 162; Kemot and Arena, loc. cit, 
pp. 125, 145. 
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t » plat mum. Hy iiKTcasiu^r Hr. prcsstire of oxygen in contact with 
I In- .l.v.nniH.Mug sulution Irom one to ‘2()() atmospheres the rate of 
ii<-ei>mpositiun is not npprceinhly al'feeted.' 

otli.-r un tals, the .•onunonest lieing leacl,^ bismuth, and manganese, 
ui imwdvr Umn a mow inotlt^ralr elTeet on the decomposition. 

.Mereur> nould .also tall mtii this class of moderate accelerators, but the 
eatalNlie act ion m this ease is remarkable in being periodic or rhythmic. 
\\ ben the eoiierutratioii of hyilrogen ion is reduced to an almost negligible 
quaiitity by tlir addition of a little sodhun acetate solution, a clean 
lut reury surtacf in eoidaet with hydrojLjen peroxide solution oF approxi- 
iiuilii) It^ prr end, (‘(uiend rat ion, at. [)erio(lie int(‘rea.ls oF about one 
M coiid, heroines eo:dc‘d with a bron*/(‘ lihn wliieh suddenly disappears 
with a hurst ot oxy^iai troin the eoidaet. layta' oF ilu‘ two ii(|iuds ; the 
suhstanee of tlir him, whi<‘h is alternately‘Formed and decomposed, is 
proh^ddy an unstable oxide, possibly mercurous pta'oxideJ* 

C‘o|i|H r, niekrh cobalt, and <‘admium have only a Feeble effect on 
tile rati* oF tit isnu|Hisitiiiu of tlu'substama*. 

.Maii\ iatmpounds, <’spe(*ially various m(‘talli<‘ oxides, also induce 
\i~v\ rapiii tleeomptisifion oi hydroti^<‘n pc‘roxid(‘ without themselves 
bniie pmaaniidly elmuyaal.^ In addition to tlu‘ solutions oF the alkali 
bytlroxnb s alrt ady nnaitiomal, man,iran(‘S(‘ dioxichs cobalt oxide, and 
h at! o\id« (massicot ) are remarkably ai’live, and as lui^hl bc^ expc(‘tcci 
a etilioidal si*hdii»n of nian«4anesi‘ dioxiih* is also abh^ to (‘XtTt powerFul 
isdal\tie iiillnnn'r.^ I he efleet in .su(*h (*ast*s may bi‘ partly a surFacc 
iffri't, lad Is ab.t» proliably <iue in part to tin* in*t(‘rm(‘diat.ct Formation 
ami ilei’omposdii*n of unstable hiichly oxidis(*d d(‘rivat.ives. 

the o\ah \ id irtai, bismtdh, <*opp(a\ e<a'ium, and ma^nesiuni arc 
isipalde of e\t rtm»,j an ap|in*eiablc’ inlluniee on th{‘ rate of clecom- 
|iiisdioin' but muidt ilepends on the physical eonditiou oF the solid, 
tresbiy preeipdalt d trtat lixiile. For examphx l><‘iu^ mon^ tdfeetive than 
tilt iiuutrd substam'e : ^ aluminium hydroxhh* is ratluT excejvtional 
lii bflammf as a " ueejdivr catalyst”' and retarding: the decom- 

|io\itio!i, 

Ainmnpd othir inoreanit* eatnlysts are to be included the iodides^ 
{also broimdf's and eliloridi’s btd less a<*tiv'e) and chromates or di- 
eliroimitrs, d*br ai4eid m the Former <‘us(* n])pears to be tlu; iodide^ ion, 
tlie irifi'baiiism of tin.’ react ion probalily iuvolvini^ oxidation to lyypo- 
itiilifi’ iviiieh flirii reacts With more hydro'^iii peroxidi* with formation 


^ J.. Asni'r. i'hxm, tIHiH* |0t tlKs. 

^ Hull, X'lr. r/io/j., 1IU7, il, U-.U. 

-4S44 \\rtutn.%%r, /.tii'H'ih t'hm., HMKI, 42, tH)l ; Bmlig anci Wilke, 

ii , lanH, II, m I iiMa ,\tar*»|Mdt, Ztitmh. phi^Hikal, 1908, 62, 513; 

J i h^ir. , fans, 77, 773; rrmt., HUB, 162. HHO ; Okaya, Proc. 

I'jio. f:i.t I. 7 h:i. 

* ,Srr yriid, lOUJ, |62» 707 . 

>.rr P .ffrj iq*..(jf? jiid KiilUmL 1971, 29 . 750. 

Ihr.u^: >4it4 MsiirL, titfiuph. tutti tkmmdefu bUO, p. 347; Absb\ Vhm, 

»Vh , PUI, I ail, II . 

' fun i I'.m. IMIH. |71, 9 , 441 ; 1819,10,114,335; 11,85. 

’ 'lies ^I f, U'hA.i 162, 7<*7, 

* In-,, t'inm, iHflO. 59, lOft; Hull. Hm. dim., 1800, ['2']. 5, 201; 

I U*\ J ^ il-ru, IsTa. |i|iy ::2H ; (%rm. IHHI, 43, 149, 249 ; Rings;ett. Chm. Newa, 

4 1*4. :’7s |:. Pr,mpi. rtml., IKHO. 90 , 333 ; Peclmnl, (hmpt. rvnd., 1900, 

I 40. Ids, , iid-u,. J iinfi. i’hrm. Sot'., 1917. 44. I59H. 1073; BelaiHon, J. Phtjmml 

I km > i'e’u, tlVL 
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of iodide, and water and free oxygen ^ (compare the reaction with 
hypochlorites, p. 341). 

HPo+r-HsO+IO'; 

II 2 O +10' - II.O +1' +O 2 . 

The action of iodides is catalytic only in neutral solution ; in alkaline 
solution oxidation occurs with formation of free iodine. Whilst 
chromates and dichromates accelerate the decomposition of hydrogen 
peroxide, the action is not purely catalytic because some of the 
chromate or dichromate undergoes permanent reduction, so tliat tlic 
change falls more correctly into the next section.*^ 

With iodine the following reactions are believed to occur : ^ 

(i) 5H,0.,+I2=2III03+4H20, 

(ii) 5H202+2HI03=50,+12+611,0, 

(iii) 2H202-2H20+02, 

the last-named reaction being catalysed by the iodic acid—iodine couple. 
In ammonium hydroxide solution the reaction takes place ^ in accordance 
with the equation 

2NH3 +1, +H202=2NH,I +0,. 

Manganous sulphate ® and ferric salts in general accelerate the de¬ 
composition of hydrogen peroxide.® The sulphate is less active than 
the chloride or nitrate. With dilute solutions of the salts tlie effect is 
proportional to the concentration of the peroxide and that of the iron 
ions, whilst in the presence of acids it is inversely proportional to the 
hydrogen-ion concentration. The temperature coefficient of the reaction 
is 3-25 for ten degrees.’ 

If a few drops of potassium ferrocyanide solution arc‘ added to dilute 
hydrogen peroxide (1 per cent.), and kept in the dark, decom])osition 
of the latter is exceedingly slow. On placing in direct sunlight for a 
few moments, however, brisk evolution of oxygen takes places and 
continues, even after removal from the light. The effect is not due to 
rise of temperature, but, presumably, to some catalyst gcncratc^d under 
the influence of the light.® 

Even carbon, in the form of charcoal, catalytically decomposes 
hydrogen peroxide,® its activity being apparently connected with its 
absorptive power for gases. 

Certain complex organic substances are known to catalyse the 


’ Bredig and Walton, Zeitsch. Elektrochem., 1903, 9 , 114; Walton, Zeitsek. jjhysikal 
CJiem,, 1904, 47 , 185 ; Bredig, Zeitsch, physikal. Ghem., 1904, 48 , 308. See also Abel, 
Zeitsch. Elektrochem.y 1908, 14 , 598. 

^ See Orlov, J. Buss. Phys. Chem. Soc.f 1912, 44 , 1576; Spitalsky, ibid., 1910, 42 , 
1085 ; Biesenfeld, Ber., 1911, 44 , 147, 

® Bray, J. Amer. Chem. Soc., 1921, 43 , 1262. See also Abel, Zeitsch. physikal Chem., 
1920, 96 , 1; Monatsh., 1920, 41 , 405 ; Auger, Cornet, rend., 1911, 152 , 712. 

^ Broeksmit, Pharm. Weekblad, 1917, 54 , 1373. 

^ Porlezza and Norzi, Atti E. Accad. Lincei, 1913, 22 , i., 238. 

® Bohnson, J. Physical Chem., 1921, 25 , 19; Bertalan, Zeitsch. 'physikal. Chem., 1920, 
95 , 328. 

’ Bertalan, loc. cit. 

s Kistiakowsky, Zeitsch. physikal. Chem., 1900, 35 , 431 ; Winther, Chem. Zentr., 1920. 
i., 723. 

® Lemoine, Compt. rend., 1916, 162 , 725. 
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Rrruiupiisititin ul hv(iri)txt‘ti jX'roxicit' ^ : of tlu‘S(‘ catalases the best 
kiHvun is t lie iucinasi‘ pn^sciit in 1)1 o(h 1,‘‘^ in the presenc(" of which 
the detHauposition proct'ss is ijfn^atly ac(*t‘l(‘ratc‘(l and approxinuitcs to a 
uninadtsadar reaction. It is a. nanarkahlc circuiustaiiee that many of 
the '* pi)istais which destroy llu' catalyih* [K)Wer of the (*olloidal 
nohlo tiirtals havo a similar (dhad. on th(‘ powca* of Iucmas(‘, hut the list 
of ptHM»ns is not <}uite the same for th(‘ two type's of (‘atalyst.’* In viewv 
of lh«’ marked inlluenee of tlu'st' poisons or lU'^ative' (‘atalysts it is 
possible that tile \ariems pres(‘rvaiiv(‘s nu'ntionc'd (‘arlic'r are' e'ffeetive 
in a similar manner, naimdy, by ehe'ckin*^ the' aetivity of trace's of 
positi\ e eadalysts such as alkali. 

It is interesting to note' that me-tallie salts may e'atalytie'ally decom¬ 
pose liytireiinii pe’reodtle' in ort^anie sedvents sne'h as amyl aec'tate and 
e|nimdiue. In tlie latte r s(d\‘enl, if ned. mewe' than 2 per c'ent. of water 
is present, til*’ ve'ioeilv ed* ete'e'omposition in the' ])re‘se'nee‘ e)f manganese 
ae’etate <’orrespt»neis tt> that re’ejnired for a hinude'e'ular re'aetion. Hut if 
thf’ e|uimdim’ is saturatt'el with wate-r, the' re'aedion is monoinoU'eailar.^ 
On tlie edher hanel, ned a fe'W eH'jL^aiiie* substanex's te'ud te) staldlise 
h\e!roee n pere>\ie!e* sedutions. Ameuiost the'se' are* eixalie,^*’’^ nrie* and 
Itrn/een* aenls,'* aeetanilitle’(se'c p. RIU)). 

i'oneent rate el sidntions of sodium chloride**^ pre'se'rve' the* pe'roxide, 
prennit tl a e*atal\ st such as seHiinm hydroxiele'is e'xe'luele'd. Dilute' 
sniphnrn* luml is veay ef^eeti^t‘, e\(’n O'OOOtdi trram of the' ac'id pt'r litre' 
e\ei1iin! a ntarkeet re'tanlin^ effect upeni the rate' of de'e'eimtiositiorOOif 
RU pe r ee td. peroxiele sedutiou. Tlu*re‘ weiulel appe'ur to he ne) sim])le‘ 
rt la!it»nship In eat the re tardatiem e'ffe*et anel the e'eau'e'ntration of the' 
sidpimne aeitl. A N edleew hedtk* is preferalde to a white' or blue' one'.^ 

Althomdi ned strictly a ('use* ed'catalysis, the' e'ffee't. of raelimn radiation 
on the nde^ of el* t'oiiiposition <d‘hydro”:en pt'roxide is most (‘onve'nie'iitly 
no ntiom *! la re' : thc’ peiadrating rays an* the' most e*rfe'{*tive‘.^‘ 

Dreoiiipemlltmi with Self Reduction. The re' is a nume renis class 
of idie nuea! suhslanes s e<»ntnining oxyge'ii whi<‘h, wlu'ii plaec'd in contaed: 
Witli h>«irtii»iii prre»\ide, eniise the* lattea toe-hange into water aiuloxyge'U 
wfiiist the) t 1 m nise lvi's siiimltaiicously lose* oxyge'n. This rt'sult is 
iOfaiii to be allrihuti el in many erases to the' primary formation of nnstahle 
iiior* liighiv o\ifiis« d nude’enie's. Many oxides oi* the' noble' me'tals, r.g. 
AtiAl^. Pick., and It’db exhibit this he*haviour with ne'utral or alkaline 
sidtilioiis a.iiel emei'in’ m the nudallie* slnie*. vSilvt'r oxide' he'luive'S 


‘ Hr. ii.oee* f iHHl*. t> 4 . 1720 ; Umdi niiel CluKlat, 1903, 36 , OOO, (>()(}, 

Hm If* , lOM.e ttC. and Sten-his ZvIMl phijstnl. (’hem,, HM 1, 72, 

» Si ’ |ai:i n i, lol-n g I. T*n ; \Vm-tin|.x 1912. 79 , ITT, Hid ; Phra.^me'n, Medd, 
h /iih.. ItiHi. 5 . Nm. 22 . b 

^ Hum., HH 1 , 74 . tol; ZrM. pkthvkitl (Jwm., 1993 , 44 , 

se;, iillr .Iipf UuH Sur, rhim., HM)2, 13|, 27, UMKI; 1903, |,3!, 30, 97S ; 

I . Hi* hfif J . laeT, KIM. , » 

^ liMia, 74 . 201 . Aliel; Hu'diK xiid Uwda, Ai'dnm, phymml, 

^ , l!Kei. 17 . I , and hiieVeijhiiH, Amrr, (*hrm. J , 1901, 26 , felH ; 1903, 29 , 397. 

' rt il<" It iii'i < h.iii, .SV«-., IStlH, 38 , lifrdl. 

, .Kt.i All, n. Mewl. Um:i. HUH. 22 . i,. -288. 

'■ rt itil.n aii.l .In.M. lill.'t, 83. .'U.'i. 

• I'htfi.,. i rnlr-. 11«C. (jK, .w. Ti*. ('oiitnisl (■hem. 100'. 

II tSn, 

• Ailiiiie J. f'liiirri;, O'ljim.. IlKtO. 24 . 102. 

• -Hmnihh.. Hill. 32 . HiHI; l-VnUtn, /Vfxr. t'amhr. Phil. hne.. 1004, [C], 
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iroilariy anti thn nvi'nm lias Iwvn i*an4ully iuvi'stn^nU-ti ; aji|iiirfaitly 
lit* t'hiuojfn is ntO- strirtK r*"|a'fsrntai 4 i' by th*' *'i|tiat!i*n 

■ il 4), IJA- H4> 

,s !at||ht !>r r\|»rc*trd. Murr u\\ *a n is j- \ lih « *1 than UMuhl h* »f« liti’afiii 

>v thi’ ItVilrta!«»iii', luit tla i|naiiti!\ is um! i ilriulili-. 

iilf |iro!)ablf fiinrsr til' I hr is-arlltat is thr lMriuah«»i! lO" :i fi.i-uxuiir 
lii‘ivat|\r ivf silVrT U llirli iirr<an|HfM s mtti Sih»r alaJ 

iu‘ iiurly ciiutlrti Sllvi'r lirudnmi, Imssibh arrniH|rilin 4 t-^> suiiir 
>Ky^a*n «irri\afi\t' ut’ sihrr, naf aiy t trail) arrr!»-iMt nr! th»- lu.l^ |»i tahii! 
lrrtau|Kisitit»n ttf thr li)tlrtturn |irrt»\iiir.* 

In t-hr niiijtirity t»!‘ snrli natrtiuns, hour\rr, thr M\nlisii| r*ini|i«ai!it| 
iml ilir liydrui^rn |irr«i\uir ati|irar tuuiub-ri^i* rrtbirttrai tt» an r<|itnii!rril 
'Xtrnt, b'/,nnr and tiytirn«jfiii |»rri»\it!r rrart as tnllnus :'•* 

!b/t, I1J> 

st*r |K !alh this rrlatinn\|ii|i Indds miiIv Inr tin- |»!-Mrrss m alkriliin* 
iolutitirn in nriti snltitinn an t-srrssnr *|nantif\ <4’ u/iinr- nnihr!,foin'| 
lrroni|>nsititai t'xrrjtt \vhrn a ^rry lar’^r ia*** ss ui h\4ma n |irrisi\}il»" is 
n*rsrnt.*^ lliis is r\|ilaini't! i»n thr assintiptitai that ftir int>Tarfin!i 
H‘twta*n «r/.nnr and hytlrnarn |i»'r«An!r ts arruinpann-*! In th»' s|»iai 
anrnns tirtnani'Hisdimi i»f u/un»', tins lattra rrartnas br-ni!,! ratal\f 
trrrhn'atrtl l»y thr |H'rn\idr. 

Althnuah inaniontrst' tlirsid*' hrhau-s nn r* t\ as a ralaivs! Irnvards 
i nrtitrid nr alkaliijr snlntinn t»f h)dri»!frn |**'rti\uts , %*•! m arid siilntnin 
’rdtndltai tirmrs In nnuifonmns u\idr, Mid'h nr a rnrrrs|iraidiii:>! salt, tlir 
tydrnjijfrn jirrttxitlr niidrrrtitn *4 snnnliaiiruns r*ahirtn*n nttli tin libi ratirm 
»r an ta|uai aiimnid tsf frrr ii\yi 4 rnd laani iln»\idr amf Indmi^rn 
-Hox^xidr in nridit* snlutu»n hkrwisr tnulrrun iimtnal |•rdnrl|Mn,. In bi»th 
,*nsrH half thr librratrd tixy^i^i'n may hr* atfrdadi'd Im th*- diMxnh" ainl 
linlf tti thr prrnxifha hnl it is also |JMssihlr that tin' inri'lianisin nl' thr 
rriiriicin may in\'nl\'r thr trims|Vr»itt‘r nl' an tix)i*rii attnn lr«an tlir 
[nriallir {H.'rnxidr tn thr hydrnarn firisixidr ulnrh tln-rrh)' l»rri»tiif s 
:ixiclisc’<i tn watca* aial nxyi^tit. It' thr latfrr viru- is mrrrrl, tiir Iih» ratrd 
axyiirn rnnirs mtirrly fmin tlir liydniiirn ii^rtAnha but uifh ritltri* 
:‘X'|)iitnniinii tin* final rrsuli is thr sanir. As mani^anniis *r\id*n '^lidh 
^lnd IriH'i nxidtx Fhth arr nxidisrd hy hytlrtii^rn |*rrit\idr ni tin' jt-n's 
rnrr nf alkidi tin* <*nrrrsjmininni dmxnh's, if is qmlr itiissililr 

tliat till* rntidytir rffml nf iinmunnrsr dinxnlr anil nt thr Irss arfiir 
Irad dioxich^ nn im alkalinr snlntinn i»f hytlrnym |irrii\itir is dim tn 
thr rrpratrd nxidaliiin and rrdiirtinn nt‘ thr intinnxtdrs liy tlir liydrtigrii 
prrnxidtx 

Alrrady, in tlir iaaisidriiiiinn nf inrthmlx fur thr |irr|airiit.iiiit nf’ 
oxygitn nHOitkin Iihh brim itiiidr i.if tdir iidmirtinn nf hyttrniirn jirrnxidr 
vviili alknlinr xnhiiimis nf frrriry^ntdrx ^ nntt with andir sniiiintiis nf 

* Thrniml. ktr. eiL ; llrrllirtrl, fwupi, rfmi, iHxn, 90, , imt, i;|i. xiiT , Hull. 

Sot, thitth, tliWI, 12], 34, nifi I A»h, (''him. iHllT, |t|» II, 1*1 T ; IUvl*'¥. i*hil. Mmi * 

iKTlX t^l. 7 , ' ' . . - 

3 Hrh<»fif.% Afimtkn, 196 , 2.1111 Iniflis* 7V*iiw. t%rm. Sm\, i;|, lliili 

^ Hathiaurith Sl/i Inkm. till ; aipi iliirt- 

afillrr, MtmaiMk, HI!7, jS, ‘iPfr 

^ ThkmnK VompL rmtl, lUTX 7S* ^7, Haylinx Phil. Mmf., lHl% |ll|, 

^ Qum^kihlZcUmA, mmL CkwhAlWi. I * IlftrrMJrt* Vkmm, Nimm, 70 . irill. 
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flYDROdRN PKROXIDE, H,0,. 

hy|>(K‘hk)rites ^ and i)ex^manganates ^ (hypochlorous and permanganic 
luiils] with fnrmaticm of the eorrc‘S])on(ling ferrocyauidcs, chlorides, and 
laanganese salts. In these <‘ast‘s the n^aetions occur quantitatively, 
and i'an 1 h‘ n^presiaded as follows : 

2K,tV( ,X, i>K()iI i 2K,K(‘(V>N« I -ML.O 1 O.,; 

H<H1 il .O.. IK’l I U.O I ().> 

‘iliModnl -H,S()j I T)!!./), 2 MiiS(),+Sll.p [ 50 .. 

A”.am, the \iew is lu*ld l)v sonu' (‘luanists that in the intc'raetion of 
|H riiian! 4 anitNH‘iii and hydrogen peroxide* tlie lih(‘ratt‘d oxygc'ii originates 
vidirrly frtan tiu* latti*r suhstaiuax which is oxidistal by the i)erinauganic 
aead wdli prcHluetioii of water and frea* oxygen.-^ In addition to this, 
tin* t»bser\ation that at tt‘inperatun‘s below 0 “ int(‘ra.ction, as dc'iuoii- 
stnited by ihe* eh’eolorisation of tiu* jxa'inanganate*, will occur without 
any marked idlers esc'enee of oxygian has hsi to the suggestion that 
a hiidier oxide* possibly hy<lrogeu trioxide, or hydrogen tetroxidc, 

is an unstable iuternusliate product, and that the evolution of 
oxygen oi*et!rs in the decomposition of this. This view has been 
s igoroHsly eondaited,*^ and it ap[)ears higlily probable* that the lack of 
elhrs esetiiee in the* e*o!el is due uu*re‘Iy te> t.lu* oxygxai remaining iii 
supersat urat ed solutteai ami perhaps in part as pe*rsulj)liuri(^ acid if 
siilpimne aeu! is eiriginally prese*nl. KA‘e*n hi*le)W 0 C‘. most of the 

owju n may bs* Idn ruteel in tlu* gaseeais eouditie>n, and the* r(‘a('tiou is so 
ilrimde m its resnlts at the eaalinary te*mpe‘rature* as te^ constitute a 
tried sseirlhs nuel eeauetiient metluxl feir the* estimation of the cou- 
e nlrafnae «at h\ elrt»gen pe-roxiele seiluliems. 

In alkaline nu tlia, e*bromunn oxiele* unde*rg(>e*soxidat ion toaa‘hromal.e.^ 
‘riu impoiiam‘e of tin* nu’dium is again se*e*n in Ibis e'ase*, be'causc* in acid 
s«»|ntM‘U a biefiromati' or e’bromie* aeiel yie*lds an unstable* blue* solution 
eontaming a labile pere-hremiie a<‘i(l which is sl.alc‘<l to have* tlu; com- 
piisifitiii lU rO| iir H aes’ordiiig to the* re-lative* prop(‘rties of the 

ri agf nts. T!u blue solution soem dee'ompose*s, giving, in tlu* })resenee of 
Miiptinrie aeid, e»reimary e'liromium sulphate* and oxygt‘u ^ ; tlu; l)lue 
eoiiipuinul esni Ih’ extrae’le el with ellu*r in whie'hu more stable* .solution is 
nlitmiii d. The bliu* es»loratiou has for years hes'ii made; use of as a cou- 
XftUi III and delieati’ te st for ehromit* a<*i(l and fe>r hydrogen i)eroxidc. 

Potitssmm persulphate*^* also reacts slowly with hydre)ge;u peroxide 
Milntmiis, giving potassium hytiroge-n sulphate* and oxyge'U 
II,O, K.^S,()h ^KilSO, i ()o. 


* SrjiMjPs Annnlrn, IsTlX tq(h FnirKv. 'iVeai.s (%'ih, A'w*., 1H77, 31 , I ; AHt;lu)tT, 

J. i’liriir, iHfliX ‘tST, 

* tlit'ii-.iril, ls 7 g, 75 , 177 ; H«*Hht‘I<»t, d/ae (Aiun. 1880, {f)], 21 , 

irn, '.m.i lltmi. J 3 . 2 IHH: RnH. 18 i[l, 6 

Hie *4 lias ifsirfi»»n luw'e HUuii**«l by Ziiwieldti, Hoczniki rJld, i, njo, 

‘ 14 iitiln’ i ft'lrU'lire.-'i Mie |», .»U. 

» Ilnltirl'MU Ann. t'hm. Vhph, UhU , j" j, 22 , btli; ixUu (or, ni. 

H,i.. If"', ti. :!i 11 : i!»ni 35 , iriH, :n 2 i. 

' li.i. s. i .mil \ /•“ . '1^. ■ I'nif. (’hi m. .SVic,, HKKI, l6, l.M ; Hiimsiiy, 

li.iii; I’hriit Aw . ISH'I, 70. 1--* 1 <'l>iV<*r. .ImiT'. (7 ii7h. liHW. 29 , 

■ -I I h. m.. IHIMI. 81 , 271!: Maflilinli. liiilt. >(nr. Mm., 1H80, 45 , 8U2 ; 

H .r,. CM,./. l 6 . ItlK.'.: .Un. i'Mm. 1817, 2°- •** g 

, 1,1 lUlH, ^ J, ;i!H7 ; tlwli. iimtni (‘hi m., t!Ml7. 53. *84 : 5^' ' Hii'W’llf''*’*' /Cl’Umh. 

iiuoi j f l;« .,i * |a| 4 |s j I'ill, 44* ... Itvaa O/, inei'*) 

’ Ilu» l*nil HI. * iTH’iul, IruM. chan. k,oc., IDOU, 89, lOU- 
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A suspension of silver chloride in potassium hydroxide solution is 
rapidly reduced by hydrogen peroxide in accordance with the equation ^ 

2AgC] +H202+2K0H=2Ag+2KCl+2ll20+02. 

Oxidation Processes.—Hydrogen peroxide possesses exceptional 
activity as an oxidising agent. Nascent hydrogen is oxidised to water, 
so that, on electrolysis, hydrogen peroxide solutions undergo reduction 
at the cathode whilst at the anode also decomposition occurs, the nascent 
oxygen appearing to have a similar effect to permanganic or hypo- 
chlorous acid 

H2O0+2H-2H2O ; 

H262+0=Ho0+02. 

Hydrogen peroxide readily oxidises alkali nitrites to nitrates in acid 
solution. In alkaline or neutral solution oxidation does not take place.^ 

Silicic acid gel, when evaporated with a slight excess of 30 per cent, 
peroxide, yields a highly active amorphous residue which continuously 
evolves ozonised oxygen. It liberates chlorine from hydrochloric acid, 
iodine from potassium iodide, decolorises ])ermanganatc, and evolves 
ozone with concentrated sulphuric acid.^ Possibly a ]X'rsilicie acid is 
formed. Thiosulphates are at first oxidised to tetrathionates, the 
solution becoming alkaline : ^ 

2Na2S203+H202=Na2S406+2Na0H. 

The reaction soon becomes more complex, a fact that will account 
for various published discrepancies.^ 

Concentrated sulphuric acid is oxidised by hydrogen ])eroxide giving 
permonosulphuric acid, also called Caro’s acid,’^ 

H^SO.+H^O^^H^SOs+H^O; 

sulphurous acid yields sulphuric acid and hydrogen sulphide undergoes 
slow conversion into free sulphur and even into sulphuric aeid,^ the 
formation of the latter being easily demonstrated by heating together 
hydrogen sulphide, barium chloride, and hydrogen peroxide in aqueous 
solution.^ Hydrogen sclenide is oxidised more readily, with formation 
of selenium. The metallic sulphides become convei'ted into sulphates,^*^ 

PbS+ 4 H 2 O 2 - PbSO^+ 4 H 2 O, 

and for this reason hydrogen peroxide is frequently applied in the 
restoration of old paintings in which the white-lead basis of the paint 
has become blackened by the action of atmospheric hydrogen sulphide. 

^ Kleinstiick, Ber., 1918, 51 , 108. 

2 Tanatar, Ber., 1903, 36 , 199. See also Lebedeff, Bull. Soc. cUm., 1908, 3 , 56. 

3 Usher and Rao, Trans. Ghem. Soc., 1917, iii, 799. 

^ Komarovsky, Chem. Zeitung, 1914, 38 , 121; Jordi-s, ibid., p. 221. 

^ Nabl, Ber., 1900, 33 , 3554; Tarugi and Vitali, Gazzelta, 1909, 39 , i., 418. 

See Nabl, Ber., 1900, 33 , 3093, 3554; Willstatter, Ber., 1903, 36 , 1831; Abel, 
MonaUh., 1907, 28 , 1239. 

‘ Baeyer and Villiger, Ber., 1900, 33 ,126 ; 1901, 34 , 353 ; Caro, Zeitsch. angew. Chem., 
1898, p. 845. 

® Particularly in alkaline solution. Passage of hydrogen sulphide through strongly 
alkaline perhydrol rapidly converts it into sulphuric acid. This reaction may be used to 
estimate the gas. Klemmer, Chem. Zeitung, 1922, 46 , 79. ® Fairley, loc. cit. 

10 Tbenard, loc. cit. ; Raschig, Ber., 1885, 18 , 2743 ; Hernandez, Anal. Fis. Quim.', 
1908, 6 , 476. 
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HYDROGEN PEROXIDE, H,0,. 

In alkaliiu' .sc^Iutiou iH>haR sulphide is oxidised to cobaltic hydroxide, 
muiiguiiese sid|)hidi‘ yields the hydroxide and a deposit of sulphur, 
whilst /4ue sulphide is eouverted into soluble ziueates.^ 

Dilute solutituis ot hy<lroj 4 (‘u ptu'oxide (0 per cent.) oxidise yellow 
phosphorus iui waruuuyu phosphorous and phosphorie acids resulting. 
Aiut»rphoUN phosphorus is violently aitaekisl by <S per cent, peroxide, 
h\air«H.!eu phospiiidr ht'ing evolved, [)hosphorous and phosphorie acids 
rt-utauiin?,f iu solutiou,“ 

Mrtalh«’ pi^lassitiui and sodium art* explosively eouverted into the 
h\dro\uit’s when hrtiught into eoutael with eoueentrated solutions of 
hydroiu'U pi roxidr ; many of the htsiviiu' uudals siudi as zinc and iron, 
and rspeetall) aluminium,an* readily (‘hanged into tluar respective 
li\tlro\idr\, whilst i'hromiuuu arsenic, and molybdenum are oxidised 
respi etively to ehnauie, arsenic, and molybdie a(*ids. Colloidal tellurium 
\ It ids trllune acid witli very dilute solutions of peroxide^ ; the erystal- 
Iiiie lUiHlitieatiou reacts slowdy with (JO pi‘r et‘nt. peroxide at lOO'^ C. 

Drdiuarv lead o\idr heeunies oxidistsl to tlu‘dioxidey and manganese 
o\nlr also to its dioxidt' : many other oxides and hydroxuUvs undergo 
similar ovidaltoii, th** products rre<|uently being unstable peroxidic 
stibst auei's. 

In mail) ttf thrse oxidation pro(‘(‘SS(‘S a considerable proportion of 
tfii li\t!rogru prfnxide Undergoes eoniauTtait dis^omposition with 
lilii iafinit uf‘ easrtais oxidation. Thus an ueldihed solution of potassium 
iodide a shov Idrmatum of iodine, the ehaug(‘ l)(‘ing repr(‘sentable 

‘.dli Hd)., 2 H,o i I... 

‘i'his oxidaUtiu, and indeed many otluTs with the same oxidising 
. 1*41 lit, ar« aeeelernted hy (hr presemx* of ct‘rta.in inorganic sub- 

sfaners, piulieiilarly iron saits/^ and espt*eially wiien these are in the 
Inrou. eouddiou.* The addition of a very small (piantity of ferrous 
siilpljatr to a dilute solution of potassium iodid(‘ (uintainiug hydrogen 
l»riitxi*ir, art lie aeid, auil stureii, reduces in a. remarkable manner the 
I liar iiri'i ssar\ lor the product itai of the well-known blue coloration. 
4 o|iprr salts are less aetne, but a mixture of (‘opptu’ sulphate and 
Irriotis Milphatr- IS n mueh heitta* a(‘eeierator than would he expected, 
tiir tst|ip. r sulphaie appearing disproportionately to augment the. 
4 f 1 i\itv ol' tin- Ir-rrous salt.'' Complex orga-uie. (aitidysts have also 

lirrii i|iseil\ i'rrd.’* 

In llir prrsf’uei- of h)droehhn*i<’ aeid or hydrobronuc a(*id the oxida- 
linii of' li\tiriothe arid nuiv proee*-d further, the iodiiu’ l)(‘ing converted 
into loilte aenl possiliI\' hv way ot iocliiu* tnchlori(U‘ or biomidc. IIow- 
r-vfix piuioiiie arid is ivduVrd to iodie aeid by hydrogen peroxide andm 

jlilutr purtuil rcduftinu fvcti to iodiuo nuiy omird" 


» \V(-yl, liir., litOd, 39. 


lit OitiiiUr X i t ii. 

, f J7. t:tt7, 

V-i fyiarfoi iiautgiinewi by Ihm nmetion, SchloSHberg, Zdt. 

f . inax, 41, 7:is. 

Si 1’^' * 

vS\iu. Ild»b J2, HHII. 

ii, .1,/..f. A t'hiH.. 11KH, 37, 257 . 

lio . .17* ^ 

lull. IS*'. ■>-; «sj. 
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Iodides in general, and also to a less degree bromides and chlorides, 
even in small quantities, increase the rate of decomposition of hydrogen 
peroxide in neutral or alkaline solution. This catalytic effect has 
already been mentioned. Some metals will dissolve in cold, and some¬ 
times in diluted acid solutions in the presence of hydrogen peroxide, 
even if almost insoluble in them under ordinary conditions. Thus 
glacial acetic acid containing hydrogen peroxide will attaek bismuth, 
copper, lead, mercury, and silver in the cold ; and dilute sulphuric acid 
charged with peroxide effects the solution of bismutli, copper, mercury, 
nickel, and silver.^ 

Many per-acids or salts of such acidsdiave been prepared by the action 
of hydrogen peroxide on the corresponding derivative^ of tiie nornial 
acids ; thus pernitrates, perborates, percarbonates, perniolyl)dates, 
pervanadates, pertitanates, and others have been rendered accessible 
by the strong oxidising character of this substance. Details of such 
compounds will be found under the heading of the respective parent 
elements. In this connection it is interesting to note that hydrogen 
peroxide actually reduces many of these per-acids as well as leading to 
their formation. Thus an ethereal solution of perehromie acid is 
gradually decomposed by hydrogen peroxide, as are also permouo- 
phosphoric and pervanadic acids 

With organic substances pure hydrogen peroxide is a powerful and 
valuable oxidising agent ^ ; it will oxidise acetyl chloride to peracetic 
acid, CH 3 .CO 3 H, and acetyl peroxide (CH 3 .C 0 ) 202 , volatile unstable 
liquids ; another general method for the preparation of such oi'ganic 
per-acids is by the interaction of hydrogen peroxide with the acid itself 
in the presence of suliDhiiric or nitric acid as catalyst.^ 

CH3 . CO2H+H2O2-CII3. CO3H+H2O. 

The organic per-acids of lower molecular weight are. generally 
pungent, unstable—even explosive—liquids ; those of higher molecular 
weight, such as perbenzoic acid, are crystalline compounds and rather 
more stable- 

For many organic oxidation processes, a solution of ordinary 30 
per cent, aqueous hydrogen peroxide in acetic acid is used, the latter 
solvent occasionally being essential. In such cases it is probable that 
the oxidation is really effected by peracetic acid.^ 

With such a solution of hydrogen peroxide, organic sulphides can be 
easily and conveniently oxidised to the corresponding sulphoxides 
and sulphones.® 

RR'S RR'SO -> RR'SOa 

and azo-compounds to azoxy-compounds 

R2N2 R2N2O, 

where R and R' represent organic radicles. 

^ Salkowski, Chem. Zeitmig, 1916, 40 , 448. 

2 Miro, Anal. Fis. Quim., 1920, 18 , 35. 

^ See e.g. Perkin, Proc. Chem. Soc., 1907, 23 , 166 ; Twiss, Trans. Chem. 80 c., 1914, 105 , 
36 ; Clover and Houghton, Amer. Chem. J 1904, 32 , 43. 

^ d’Ans and Frey, Pen, 1912, 45 , 1845. 

® Hinsberg, Pen, 1910, 43 , 289. 

® Gazdar and Smiles, Trans. Chem. 80 c., 1908, 93 , 1833; Hinsberg, Pen, 1910, 43 , 289. 

’ Angeli, Atti M. Accad. Lincei, 1910, [5], 19 , i., 793. 



345 


HYDROGEN PEROXIDE, H.O.. 


Ketones and aldehydes containing respectively the characteristic 
Cv /H, 

utonne groups yc : O and . react readily with aqueous hydrogen 

LV 


peroxide especially in the presence of a little liydrochloric acid ; acetone, 
CILj. GO. CII.j, for example, gives an explosive erystalliiie acetone 
])eroxide of the molecular formula (C.jH 602 ) 2 ,^ and benzaldehyde, 
Cyllrj.GllO, yields a fairly stable substance (C6H5CH02)2*^ Carbon 
monoxide appears to be unafrcctcd by hydrogen peroxide.^ 

In the presence of a small quantity of ferrous sulphate an aqueous 
solution of hydrogen peroxide forms a valuable reagent for the oxidation 
of polyhydroxy compounds such as glycerol, glycol, and mannitol, a 
terminal hydroxyl group being invariably converted into an aldehydic 
one ^ tile reaction, for glycerol being representable as follows : 


0110(011) . 011(011) . CH 2 . OH ^ CH2(0H) . CH(OH). OHO. 


'Tartaric acid with the same reagent undergoes oxidation to dihydroxy- 
maleie acid, CO 2 ILCXOII): 0(011).COgll, which readily undergoes^iirther 
oxidation to dihydroxy-tartaric acid, OOgH . 0(0H) 2 . 0 ( 011 ) 2 . OO 2 H, 
whicli possesses especial interest on account of the very sparing solubility 
of its sodium salt,^ For this reason the acid is recommended by Fenton‘S 
as a reagent for the quantitative estimation of sodium. The hexose 
sugars, glu(‘ose, fructose, etc., are oxidised by hydrogen peroxide 
containing tlie same catalyst (Fenton’s reagent) with production of 
thc! corres])onding osoncs.’ 


0H,(0H). OH(OH). OH(OH). aH(OH). CH(OH). CHO . CH(OH). CH(OH). 

Glucose. ^ ' PTT/nwf m run 

OH, (OH), CH(OH). OH(OH). CH(OH). CO. CH,OH'^ GlwSsone. ‘ * 

Fructose. 


It is interesting to note that, whilst solutions of aniline green and 
magenta, are not bleached by dilute hydrogen peroxide solution in the 
dark, yvt upon exposure to the light of a quartz-mercury lamp the 
(‘olours readily fade. It would appear, therefore, that under the 
influence of thc light, the peroxide becomes increasingly active.® 

'The blc.'ac.hing of litmus and of indigo solution (in the latter case with 
tlu‘ aid of* a little ferrous sulphate) is evidence of the oxidising power of 
hydrogem ])eroxidci, but probably one of the most striking oxidations 
(‘fleeted by hydrogen ])eroxide is* that of benzene to phenol and further 
into (iiiinol, ])yrogallol, quinone, and other products.® 

A r(‘markable property of hydrogen peroxide, which may be men- 
tiom‘(l h(‘rc‘, although in the result the effect is not an oxidising one, is 
th(‘ power of causing organic cyanides to unite with thc elements of 


1 WolHenstein, JSer., 1895, 28 , 2265 ; Twiss, J. Soc. Cheni. hid,, 1916, 35 , 1027. 

^ Baeyor and Villiger, Ber., 1900, 33 , 2479. 

Jones, Amer. Che^n. J., 1903, 30 , 40. 

Fenton, Tram, Chem. Soo., 1899, 75» 0 ^7. 

'■ kntoii, Trans. Chem. Hoc., 1894, 65 , 899; 1895, 67 , 48; 189b, 69 , 54fa; 1995, 
87 , 811. 

" 1899 75. 786 ; 1900, 77, 1219 ; 1902, 81 , 666 ; 

1903, 83 , 1284 ; Morrell and Bellars, ihd,, 190o, 87 , 28U. 

«’riidis, J. Amer, Chem. Soc., 1920, 42 , 720. 

» Martinon, Bull. Soc. chim., 1887, 20 , 2934. 
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water, undergoing hydrolysis to the corresponding amides.^ In acid 
solution cyanogen gives rise to oxamide, and phenyl cyanide (benzo- 
nitrile) to benzamide ^ 

CN. CN+2H.0 = C0(NH2) . CO(NHo); 

Cells. CN+H;0=CeHe. CO. (NH^). “ 

Applications.—Hydrogen peroxide is a])plied largely as a. l)lea.ehiiig 
agent for materials such as feathers, hair, wood, bone, ivory, and skins 
where the action of chlorine or sulphur dioxide might harmfully aifeet 
the article; it has the especial advantage that, after its action, notliing 
more harmful than water remains ; in order to accelerate the action of 
the hydrogen peroxide, a small quantity of a mild alkali such as 
magnesium oxide or ammonia is often added.^ Treatment with hydrogen 
peroxide has also been suggested as a method for the removal of the 
excess of chlorine or sulphur dioxide in compounds which have been 
bleached with these agents.^ On account of its marked disinfectant 
and antiseptic action, hydrogen peroxide in dilute aqueous solution is 
of value as a wash for open wounds and is also frequently applied as a 
preservative in milk. 

The catalytic decomposition of hydrogen peroxide by linely divid(‘d 
metals has been suggested as the basis of a photographic process. 
An ethereal solution of the peroxide is wiped over the negative when, 
after the evaporation of the ether, the residual hydrogen peroxide him 
undergoes rapid decomposition at the dark portions of the negative. 
If a gelatinised but unsensitised paper is then applied to the glass, the 
undecomposed hydrogen peroxide is partially absorbed by the gelatinised 
surface of the paper from the transparent portions of the negative^ and, 
when subsequently dipped in a suitable solution, e,g, an ammoniac^al 
solution of manganese sulphate, a brown ‘‘ positive ” print appears on 
the paper.^ 

The value of hydrogen peroxide as an oxidising agent for analytical 
and preparative purposes can easily be realised from the foregoing descrip¬ 
tion of its properties and, indeed, was recognised early in its history.^ 


Composition and Constitution of Hydrogen Peroxide. 

Hydrogen peroxide is, of all known compounds, the richest in 
oxygen. Its molecular weight has been shown by the freezing-points 
of its aqueous solutions to be represented by the formula HgOg. ® 

This formula leaves undetermined the actual structure of the molecule 
which needs further evidence. Two constitutions are possible, which 


^ Radziszewski, Ber., 1887, 20 , 2934 ; 1885, 18 , 355 ; Dubsky, J. prakt. Ohem., 1916, 
[ 2 ], 93 , 137. For the hydrolytic activity of hydrogen peroxide towards other types of 
organic compounds, such as albumin, gelatin, and starch, see Neuhorg and Muira, Biochein. 
ZeitscK 1911, 36 , 37. 

- Ih’ud’homme, Compt. rend., 1891, II 2 , 1374; Bourgougnon, J. Amer. Ohem. Hoc., 
1890, 12 , 64; Ebell, Ohem. News, 1882, 45 , 71 ; Schrotter, Ber., 1874, 7 , 980. 

•* Lunge, Dinglers. Poly. J., 1886, 259, 196. 

^ F(n* an account of this “ Catatyjie ” process, see Gros, J. Hoc. Ohem. Ind., 1903, 22 , 
379, 380, 963 ; 1904, 23 , 1044. 

See, for example, Davis, Ohem. News, 1879, 39 , 221. 

** Carrara, Oazzetta, 1880, 10 , 1 ; 1892, 22 , 341 ; Orndorff and White, Amer. Ohem. J., 
1893, 15 , 347 ; Tammann, Zeitsch. physikal. Ohem., 1893, 12 , 431. 
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may be described as the asymmetrical and the symmetrical, and which 

may be represented 0 : 0<^^^and (011)21’cspectively. The latter formula 

is also relerred to as the chain formula HO . OH. If the molecular 
stru(*turc actually involves the coupling of two hydroxyl groups as the 
synuuetrieal or chain arrangement suggests, a synthesis from hydroxyl 
groups might be expected. In spite of earlier failures, it has been recently 
siiown that, under suitable conditions, especially at temperatures near 
--40° C., hydrogen peroxide is produced in appreciable quantity during the 
elec'trolysis of potassium hydroxide ; the electrolysis was performed with 
platinum electrodes and the formation of the hydrogen peroxide was due 
to the anodic coupling of the hydroxyl groups after the loss of their 
ionic charge,^ 

20H'+2©=.H202 


Sodium hydroxide, probably on account of its more powerful 
decomposing action on hydrogen peroxide, fails to yield an appreciable 
amount of this compound. 

Organic, derivatives of hydrogen peroxide are known, the organic 
pc‘r-a(*ids already mentioned (p. 344) belonging to this class. 

Kxaiu])U‘S of a simpha* type— the alkyl j^eroxides—are produced when 
ethyl sulphate, (C 2 ll 5 ) 2 SO,j, is allowed to react with fairly concentrated 
hyclrogcu peroxide.'*^ The products, ethyl peroxide, C 2 H 5 O.OH, and 
diethyl peroxide, G 2 II 5 . 0 . 0 . C 2 H 5 , are explosive liquids which on reduc¬ 
tion yic'ld ethyl alcohol, C 2 H 5 .OH, without any ethyl ether, (CgHs^aO ; 
tlu‘ asymmetrical formula., ( 02115)20 : 0 , thus appears to be definitely 
disproved, and so ])resumably the alkyl peroxides and hydrogen peroxide 
itself ar(‘ of tlie symmetrical constitution. 

On the' otIuT hand, the physico-chemical evidence appears to be 
almost entirely opposed to the view that the structure of hydrogen 
peroxide involves merely two hydroxyl groups, as indicated by the 
fonmda, 11.0 . O . 11. As has been mentioned already, the high dielectric 
constant and thc‘ iibsencc of any exceptional power to absorb electric 
wa.vc‘s, likewise militatt‘ against the likelihood of the presence of hydroxyl 
groups (sc‘(‘ j). 332). Also from the fact that hydrogen peroxide never 
appe^ars to be formed l)y the oxidation of water, but that molecular 
oxygem on reduedion by hydrogen will yield hydrogen peroxide, it has 
bei‘n a.rgiu‘d that this substance may be regarded as reduced oxygen, 
the hydrogcai atoms being only feebly bound so that they readily undergo 
oxidation by ])ermanganic acid and other oxidising agents with the libera¬ 
tion of tlu^ whok‘ of the oxygen from the peroxide ^ ; this indicates the 
absc‘ncc‘ of hydroxyl groups which indeed would also be expected from 
the diffta-c‘ncc in stability between hydrogen peroxide and water. 

From tlK‘ rtdractive power of the substance also it has been demon- 
strat(‘d l)y Briihl that the presence of hydroxyl groups in hydrogen 
pt‘roxide is extremely unlikely.^ One method of reconciling the 


‘ RioHonfolcl and lloiiihold, Ber., 1909, 42, 2977. 

•M 5 .wyc.r and ViHiRcr, iler., 1900 , 33, 3387 ; 1901 , 34, 738 

=> Traubc, Jkr., 1882, 15 , 222, 059, 2421, 2434; 1880, 19. 11H, ,1115 ; 1889, 22 , 1490, 

1515 ; 1893 , 26 , 1470 . , „ . „ . 

* Hruhl, Ber., 1895, 28 , 2860 ; 1897, 30 ,102 ; 1900, 33. 1709. See also Spring, Zetfaci. 
unory. Oheni., 1895, 8 . 424 ; Kingzott, Chem. News, 1882, 46 , 41, 183 ; Heyes, Phil. Mag., 
1888, L^J. ^5. 321. 
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ill hnrainny with Frn*nti\ \n*Hstit hitrnt \alrnrvn^ 

Ol'.TlU'THiX \\h Ksi|\Uint\ ill lUniirii.is PriarMm , 

Many of tfu' n‘artn>ns ilrs(‘rdH-d in fir laM'dntn pa;n *. ran ■» .ral^ 
lu’npplii’d tn tin* drtrrtmu of h\dn»r«n j*rrt»\M,h Hr- him rMhn.ilion 
with rlirninir ariil, I'xpn'inlly wdImadmaiurut r\!rartion ol tlr' ruioHn d 
rnnipHUnd l»y rtluT. l‘hi’ nxidatuMi t»f |r*ta^‘ainn iMdnls in a \Mhifmn 
i*nntainin,|j 5 ntadii’ ariit and stiua'ln i-.sprrially hi fir- pn-m nrr of a r.ifid\\l 
Nindi Its frrnnis stilphah"*^ t»r nnityhiht^ iu*ii| ; with Oir lattrr ratal) *4» 
Ihrn* is thr aitihtn»nid inhanta^r that tla- i»\jihdmn ol lh« mdidr !t\ 
atmnsjihrrii* nKyp^vn is not ansdrrafrd,'* so that alnuisplirrir ii\ii|aln»ii 
has Irss likrlihiHHi t»f intniilnrinn n sia'iims dndnrluni* tart or, din-' 
iHrinatinn of IhatsMiin hlnr on a«lildn»n to n suhilmn mI Imii’ idiltnnlr 
and putassiiun frrriryaiiidia iH' thrsr Ihrr* trsts,, wluidi a.r»' all «4 
cnaisitli-rittilr srnstti\nu'SH, Ihr last |a»ssfHsi s ff$i additnaiai ad^ an! a*.n.' 
of liriiii^ iiimffrrtiat hy niln»oii^ dinsidr, 

Xuntrrtais rHlunr rrartions ilr|H'ndin 4 **n fir- osidaliou «f| \.irit»ir* 
<a'l 4 atiir riimptilinrls tana' liiaii stt^na'slrd ; piijirr iinprr^natrd with 
i’iihnlt naplitliriiith* rliitnurs in nilunr IVoni nnr to ip-mi ; a liiliitr 
snlufitai itf iiniliiir ur diinrthylanilna-' ri»iitiunnti 4 iHitassturii dirlinaiiiitr 
anil II litdlr nxiilir arid yirlds a rrd riihiratiHn ; in pin ri) Iriirdiaiiiiiu 
in hot anniiiiniiirfd snlntinii a hln«' rtiloratnni and |rphrii*^ Inir 

iliainiiir lins atsn hrrn tisniJ Ha'sr rraiimns'^ arr all dilirair Itir 
I.t\’dmgrn p'rrnxtdr. 

CVriaiii iiinrKitnic* rrai^rnts jaissrss thr iidtlilnand iiduiiita^r tif Im-hiii 

^ Mins /Icla* llliln, 3, IHl* 

2 Frttaiil, Trttn^. Vhsm. Sm\^ |W 2 h 1 * 9 * l<.Hn, 

3 1 *riiak.\ /Irr,, iKtrn 17* tail 2 ., 

^ 34 , liirr 

t 1 mriti«t'likntf, iVirMii, 34 , iitr 

Biirln M«#f»7riir iHMl* pif* /s» , isna* jH, ;’*rSi 

* hiirlirigltai, J, I ml, Emj> i'hrm,, inta, y, idir 
tV»r tiilifir i*iiiiili 4 r ,i 4 «r Ikaanr-^, Ann. Hum. Ini h 11*4 




HYBROGEN PEROXIDE, H,0,. 349 

fur hyciroirrii i>c‘r()xi(li‘. 'ntaiiium sulphate in neutral or acid 
a dt‘i‘p Yellow coloration due to the formation of a 
peiiifaiue acid, 'I I.,Od A(‘id solidions of annnouium molybdate 
aq\ . au iiitriise vt llow e(»loral iou of p<‘rmolyl)di(^ acid, llMoOr^y Both 

t he\e stij'iply \vvy seasitive l.ests. 

I‘tn- the purpose of (listini!;uishin,L»' hydi‘o<^en jHU’oxide vapour from 
lutiHau u dioxitle or o/.oue, p(jtassiimi pc‘rnia.n^a.natc‘ and manganese 
dtovule are iisrtul reagcads, th(‘ fornua* halving only ozone unaiTeeted 
whilst tile latter tails only io (h‘(*oinpos<‘ nitrogiai dioxide.^ 

I1ie idtt ration ot iodine from an acidilicd solution of an iodide 
proA itli s a convenient method for (‘stimating hydrogiai peroxide quanti- 
tatiw ly, unit by tirst allowing th(‘ solution or vapour to react with a 
slight!) iieitl solution of potassium hroinidtg any ozone* present may be 
pri \ iousi) determined quantitativ(*iy and r(‘nu)Vt*(l in one ])rocessd 
die* reat'fmn of potassimu permanganate or hypochlorite with 
hvilrogen prroxidi* in aeiditied siilntion also can he eouvcuieutly made 
the basts of a \ olnmrtrie tletermination, tlu* volume of liberated oxygen 
bring tuier that t xpev'ted from t lu* decomposition of the peroxide into 
an eqmmoleeulnr proportion of water. If tlu* solution of hydrogeii 
|»rri»\itie ts siilhcimtl) dilute, dinn't titration with tlu* pennanganate is 
|tossd»i« * m tiu' presence t>f snlplmrie acid, a moh‘(*ult* of hydrogen per¬ 
oxide tleroloriMug two fifths of a nu»lt*eule of potassium ])i‘rmangaiuite. 

In fhosr east s uiiert' there exists a possibility of organic substances 
mieritnm* with the estimation of iivdrogen pi'roxide by treatnu‘ut with 
a solntion id potassium pi*rmungunate or potassium iodidt*, tlu* use of a 
standard \i*hdn»n of stannous ehloridi* luis l)e(*n pr(>pos(‘d ; the* r(*a(‘tion 
folltUVs f hr' eoUrsi* 

Sn( L ; tilU l I lU). SiiCli I 2 lIo() 

and mav le appliet! hv diri'ct titration with m('tliyl(‘n(‘ him* as indicator, 
or bv file iidililiiin itf an rxi’i'ss follo\vt‘(l by titration of the supiTlhious 

stannoiis salt witli iodine/^ 
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« > in air, 158, 150, 170. 

— Hohdality, 308. 

Arscmic’al waters, 2O0. 

Arti’sian widls, 214. 

AsHoeiiititni tht‘orV'. 05. 

Atlantie Otaain, 225, 220. 
AlmoMphen*. Air, Chapter VI. 

. ammonia, in, 181. 
iirgun in, 158, 150, 170. 

~ bacderiology, 185. 

•— Beyle's Imw and, 102. 


Atniosphere, carbon dioxide in, 166- 

— carbon monoxide in, ISO, 183. 

— coefficient of expansion, 197. 

— composition, 158. 

— compressibility, 194. 

— density, 190. 

— desiccation, 174. 

— dust, 183, 198. 

— extinctive, 103. 

— helium in, 158, 159, 179. 

— history of, 156. 

— hydrogen in, 180. 

— hydrogen peroxide in, 174. 

— inert gases in, 158, 159, 179. 

— krypton in, 158, 159, 179. 

— methane in, 180. 

— neon in, 158, 159, 179. 

— nitrogen in, 179. 

— organic peroxides in, 174. 

— oxygen in, 159-166. 

— ozone in, 174. 

— physical properties of, 190-201. 

— physiological action, 159. 

— plants and, 169. 

— pollution of, 217. 

— radioactivity, 200. 

— refractive index, 198. 

— residual, 103. 

— soil, 181. 

— specific heat, 196. 

— sulphur dioxide in, 181, 183. 

— volumetric analysis, 160. 

— water-vapour in, 172, 173. 

— weight, 190. 

— xenon in, 158, 159, 179, 

Auric oxide, 15. 

Autogenous oxidation, 69. 
Autoxidation, 50, 57. 


Bactekiolog y, air, 185. 

— water, 235. 

Baltic Sea, 225. 

Barium peroxide, 17-19. 

— sulphate, 25. 

Barytes, 25. 

Basic oxides, 52. 

Benzene, flash-point, 117. 

— inflammation limit, 100, 102. 
Bicalzit, 248. 

Biological processes, 27. 
Blagden’s Law, 274. 
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iiH M%if|i»4rr. 342. 


Hydrogen peroxide as steriliser, 247. 

- — applications, 346. 

-boiling-point, 330. 

-catalytic decomposition, 335. 

-chemical in'operties, 332-346, 

-concentration of solution, 329. 

-constitution, 346. 

- - — decomi)osition with self reduction, 

339. 

-density of aqueous solution, 331, 332. 

--detection, 348. 

■ ~ estimation, 349. 

- — formation, 324-327. 

-formula, 346-349. 

- history, 324. 

“ - ill air, 174. 

.... ., melting-point, 330. 

..oeourrenoe, 174, 324. 

- - - of crystallisation, 334. 

■ .physical properties, 330-332. 

- .- jireparation, 327. 

Hydrogen sulphide, ignition temperature, 
108, 110. 

H yd rone, 306. 

Hydronol, 305. 

Hygroscopicity, 317. 

Hypc'rpnma, 165. 

Hypsomotcr, 279. 

Tens, colloidal, 258. 
ci4our, 256. 

~ '• compressihility, 267. 

“ crystallography, 256, 257. 

•“ density, 253. 

dcqiression of melting-point, 251. 

” dilVerent varieties, 251. 

- ' expansion cocllicient, 256. 

■ - hardness, 254, 255. 

—- heat of formation, 258. 

- latuit heat of fusion, 258, 259. 

- juolecular complexity, 296. 

- ■ UK decides, 303. 

- - pressure-temperalure diagram, 251, 254. 
-- specilic heat, 257, 258. 

- vapour iiresHuro, 255. 

- volume change, 254. 

Ignition temperature, 51, 106. 

- ' acetyloiui, 108, 110. 
ammonia, 110. 
carbon, 117. 

• - carbon monoxide, 108, 110. 

coal gas, 108. 

■ - - cyanogen, 110. 

- - determination of, 107-113. 

- ethane, 108, 110. 

^ — (‘Ihylene, 108, 110. 

. - • - hydrogim, 108-114. 

. hydrogen sulphide, 108. 

isobutane, 108. 

- .. isobutylene, 108. 

- ’• methane, 108, 110. 

- • - phosphorus, 117. 

propane, 108, 110. 

- .- projiyleno, 108. 

- •— sulphur, 117. 

_ tables of, 108-110, 112, 114. 
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Induced reaction, 58. 

Induction factor, 57. 

Inductor, 57. 

Inert gases, in air, 179. 

-solubility, 308. 

Inflammation limits, 91-106. See Limits 
of Inflammation, 

— Table of, 93. 

Irish Sea, 226. 

Iron, action of steam on, 291. 

— in water, 208, 234, 320. 

— removal from water, 234. 

Isomorphism, 8. 


Joly’s apparatus, 160. 
Joule-Thomson eflect, 29. 


Krypton, in air, 158, 159, 179. 
— solubility, 308. 


Lake water, 223. 

Law of speeds, 125. 

Lead dioxide, 16. 

— red, 16, 54. 

Light and chemical activity, 169, 227, 285. 

-plant growth, 169. 

-ventilation, 188. 

Lime-soda process, 241. 

Limits of inflammation, 91-106, 

-acetaldehyde, 100. 

-acetone, 96, 100, 

-acetylene, 102. 

-benzene, 100, 102. 

-butane, 94, 95. 

-carbon disulphide, 100. 

-carbon monoxide, 99, 100, 102. 

-coal gas, 102. 

-ethane, 94, 95, 102. 

-ether, 100. 

~ — ethyl acetate, 100. 

— ethyl alcohol, 100. 

— ethyl nitrite, 100. 

— ethylene, 97, 102. 

-higher, 91. 

-hydrogen, 98, 99, 102. 

— in globe, 94. 

— in horizontal tube, 96. 

— in vertical tube, 95. 

— lower, 91. 

— methane, 93-97, 101, 102. 

— methods of determining, 94-98. 

~ methyl alcohol, 100. 

— methyl ketone, 100. 

— organic vapours, 99, 100. 

— oxygen on, 101. 

— pentane, 94, 95. 

-pressure on, 101. 

-propane, 94, 95. 

-pyridine, 100. 

-table of, 93. 

-temperature on, 100. 

-toluene, 100. 

-water-gas, 102. 


Linde machine, 30. 

Linseed oil, flash-point, 115. 
Liquefaction of air, 28. 

-oxygen, 12, 31. 

Liquid air, 28-31, 201. 

-applications, 203. 

-nitrogen in, 203. 

-oxygen in, 203. 

Liquid oxygen, 27-33, 45. 

-boiling-point, 46. 

-composition of, 33. 

-critical constants, 46. 

-density, 47, 48. 

-melting-point, 48. 

-specific heat, 48. 

Lithiated water, 209. 

Loch Katrine, 213. 
Lowenstein’s apparatus, 288. 
Lower flash point, 116. 
Luminescence, 61. 
Luminosity, cause, 78, 81. 

— of Bunsen flame, 81. 

— of candle flame, 78. 

— of coal-gas flame, 79. 

— pressure on, 82. 

— temperature on, 81. 


Magnesian waters, 208, 210. 

Manganese dioxide, 16, 25. 

— as catalyst, 21. 

— formula, 54. 

Mediterranean Sea, 225, 226. 

— colour, 276. 

Mercuric oxide, 15. 

Mercury, compressibility, 263. 

Methane, extinctive atmosphere, 105. 

— flame speed, 120-125, 126. 

— ignition temperature, 108, 110. 

— in air, 180. 

— inflammation limit, 93-97, 101, 102. 

— residual atmosphere, 104. 

— slow combustion, 67. 

Methyl alcohol, flash-point, 117. 

-inflammation limit, 100. 

Methylated spirit, flash-point, 115. 
Micro-organisms in air, 185. 

-in water, 235. 

Microphonic flames, 81. 

Mineral springs, 207. 

Mississippi, 222. 

Mixed oxides, 53. 

Molecular depression of freezing-point, 274. 

— elevation of boiling-point, 274. 
Molybdenum, action of steam, 292. 
Muriated water, 208. 


Naphtha, flash-point, 115. 
Natural waters, 206-227. 

-Atlantic, 225, 226. 

-Baltic, 225, 226. 

-Black Sea, 226. 

-Buxton, 209. 

-Cache la Poudre, 222. 

-Cheltenham, 210. 
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INDEX. 

Oxygen, activation, 57. 

— act ive, 52. 

— a])plications, 135. 

— atomic wciglit, 136. 

~~ l)oiling-])oint, 46. 

— chemical pro|)ertics, Chapter IV. 

— eriticful con.staiits, 46. 

(hmsity, 35. 

; - del(‘(‘.tion, 136, 177. 

— (‘Stimation, 35, 36, 136, 178. 
luHtory, 10. 

— in air, I51)-~l(;3. 

— in liquid air, 203. 
in rain, 217. 
li(juefaction, 12, 31. 

— liipiid, 27"“33, 45-48. See. Liquid 

()xyg<‘n. 

* melting-point, 48. 
tieeurrtmce, 10. 

' phyHi(‘al propfutics, Chapter III. 

- phy.siologieal (froperticH, 133, 163-166. 
pnqiaration, 12-27. 

j ■" rutof Holul ion, 37-40. 
i ' ri4ra(div(^ inde.x, 45. 

I .stslid, 4H. 

i .Hohihility, 13,35-43. 

I — in hlood, 43, 134. 

' .Mp<*eilie }n‘at , 44. 
fqu'et ru, 45. 

theriunl (amductivity, 43. 

I ranufu.sion, 13. 
videnc'y, H, 131. 
vi.seu.sit V, 44. 

“ ’ weight in air, 102. 

Oxylitlu', 17. 

O/one, (HiapUn* V. 

— additive compounds, 151. 
a p plica tin ns, 153. 

as Htt'riliwu’, 246. 
atmoHpluu'ie, 174, 176. 
ehemieal pro[>i,!rtJ(tH, 146. 

- eoinmmvial prodficUon, 143. 
eonHtitntion, 154. 
deO'ction, 153 
eHtimation, 154. 

formula, 155. 

- history, 138. 

■ nu»le(!uiar w(‘ight, 154. 

• ' otunirnnuus 138. 

' phy.Hufal prop(*rti('.H, 145. 
physiological properiicH, 152. 
pnqfaration, 130. 

O/.iHUtieH, 151. 

. OzoniM<T, »SiemcnH, 141. 

I - sim{»le, 141. 
j Vo.sumtu', 145. 


I PAflKU' Ocean, 22(}. 

; Palhnlou-H oxide, 15. 

! Pamllin oil, llaHh-point, 115. 

rentaius flame speful, 124, 126. 
j iidlammation limit, 94, 95. 

ifHidufd atmoHph(‘re, 104. 
i I’erhydn.l, 329, 336. 
i*ennanent liardn<‘HH, 237, 240. 
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Permutit, 243. 

Peroxides, 54, 325. 

— alkali, 17. 

— as sterilisers, 248. 

— barium, 17-19. 

— calcium, 248. 

— magnesium, 248. 

— nickel, 65. 

— sodium, 17, 55, 248, 283. 
Peroxydase, 59. 

Peroxydates, 65. 

Phenol, solubility, 310. 

Phlogisticated air, 12. 

Phlogiston, 11, 71. 

Phosphorescence, 61. 

Phosphorus, ignition temperature, 117. 

— slow combustion, 68. 

Plait point, 202. 

Plants and sunlight, 169. 

Platinio oxide, 15. 

Plumboxan, 26. 

Potassium bichromate, 18, 25. 

— chlorate, 20. 

— manganate, 22, 25. 

— nitrate, 24, 

— perchlorate, 20. 

— permanganate, 22, 24. 

Preferential theory, 64- 
Primary action, 58. 

Propagation of flame, 116-126. 
Propane, extinctive atmosphere, 105. 

— flame speed, 124, 126. 

— ignition temperature, 108, 110. 

— limit mixtures, 94, 95. 

— residual atmosphere, 104. 
Puech-ChabaV steriliser, 246. 


Radio-activity, air, 200. 

— chemical action, 227, 285, 326. 

— springs, 207, 208. 

Rain, 215-221. 

Rainfall, 215-217. 

Rainwater, analyses, 215. 

— oxygen in, 217, 

Rate of oxidation of metals, 51. 

-solution of gases, 37. 

Reciprocal combustion, 84. 

Red lead, 16, 54. 

Relative humidity, 172. 

Residual atmosphere, 103, 104. 
Respiration, carbon dioxide and, 186. 

— moisture on, 186. 

— organic matter on, 187. 

Respired air, 163, 185. 

Rhine water, 223. 

Rhone water, 223. 

River water, 221-223. 

Rosin oil, flash-point, 115. 

— spirit, flash-point, 115. 


Salinity, 225. 
Sand filters, 235. 
/Sanitas, 177. 
Saponification, 236. 


Sea-water, 224. 

— Baltic, 225, 226. 

— Black, 226. 

— colour, 276. 

— Dead, 223. 

— Irish, 226. 

— Mediterranean, 225, 226, 276. 

— North, 226. 

— salinity, 225. 

Secondary action, 58. 

Seine water, 223. 

Selective oxidation, 59, 60. 
Selenium, allotropy, 6. 

— fluoride, 8. 

— hydride, 9. 

— physical constants, 6. 

— valency, 8. 

Separator, Smithells’, 80. 
Siemens ozoniser, 144. 
Siemens-Halske steriliser, 248. 
Silicon, action on steam, 291. 
Silver oxide, 15. 

Slow combustion, 60. 

-acetylene, 67. 

-coal, 68. 

-ethane, 67. 

-ethylene, 67. 

-hydrocarbons, 64-68. 

-hydrogen, 61-64. 

-methane, 67. 

-phosphorus, 68. 

Slow oxidation, 55-59. 

Smithells’ separator, 80. 

Soap solution, 239. 

Sodium hydrogen sulphate, 249. 

— h^ochlorite, 23, 249. 

— nitrate, 24. 

— nitrite, 24. 

— perhydroxide, 333. 

— peroxide, 17, 55, 248, 283. 

— sulphate, 312. 

Softening processes, 240-244. 

— Qark, 240, 

— lime-soda, 241. 

— permutit, 243. 

Soil atmosphere, 181. 

Solubility of air, 199. 

-gases, 306. 

-liquids, 309. 

-oxygen, 13, 35-43. 

-solids, 311. 

— pressure and, 313. 

— product, 36. 

— temperature and, 310. 

Soot, 219. 

Speeds, law of, 125. 

Spontaneous combustion, 50. 

— oxidation, 50. 

Spree water, 223. 

Spring water, 206. 

-mineral, 207. 

-thermal, 206, 209. 

Stanhope process, 241. 

Steam. See Water-vapour. 
Sterilisation, 244. 

Sterilisers, chemical, 246. 
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(‘U'VJiliou, 27>L 
l»i’onuur<‘tt(‘<l, 209. 
fuU’un'ouH, 208. 
fapillary, 267. 
carbtmail'd, 208. 

<'!ialyl)t‘at(‘, 208, 

ciu'fiufal prop(‘rlii(3S, (lluiplor iX. 

• fhiHHilicatioii of nal.iiral, 20(5. 

■ oolour, 275. 
condniwd, 316. 
compoHitioii, (jliapior X. 
I'tnupreHHibility, 262 -“204. 
ooHHUtulion, 302. 

“ cuiiHumption, of 206. 
critical coiiHiantH, 279. 
diw imposition, 13. 
ib'pjivo of aHHociation, 297. 
density, 260. 

depreaHiou (»f fi'cczinp;-point, 274. 
dotection, 293. 

■ el(H*.tri<3 coiiductivily 273, 274. 
('li'ctrolyniM, 14. 

elevation of boilinij^-point, 274. 
j'.Hlimalion, 293. 
ferniyinon.s, 208. 
lilt rat ion, 234. 
formation, 227 230. 
fn‘e‘/.ing"point, 2t)7. 

I4UM, lt)2. 

J4<»itrigenie, 209, 
hai’ilneHH, 236 244. 
lake, 223. 
laUmt lu‘at, 259. 
inagtU'.Hian, 20H. 

tnobionlar complexity, 296 -302. 
inuriated, 208. 
natural, 206 227. 
ot!curnmc«*, 205. 
of (umHlitution, 317. 
of cryntalliHalion, 310. 
physical propC'CticH, Bbaptor VIII. 
{ihy.Hioloj^ical action, 287. 

I polabU*, 206. 

puritication, 230 235. 
radii>«activc, 207. 
rain, 215. 

refractive itidcx, 277. 
n'luoval of algm, 234. 

- iron, 231. 
riv<*r, 221. 
aca. 224. 

Hcdimcntatiim, 232. 

- ?,i>lvcnt action, t'luiptc^r XL 
HjH-eitii’ beat, 270. 
hpriny;. 206, 

.Htrrilisation, 2 to. 

:jt*»ra|4e, 232. 
anlin, 207. 
nulphatie, 208. 
hidpburetteil, 208. 
aviiH*rcot*leil, 20H. 





370 


OXYGEN. 


Water, surface tension, 272. 

— tensile strength, 264, 265. 

— thermal, 206. 

— thermal conductivity, 269. 

— upland, 215. 

— vapour pressure, 266. 

— viscosity, 265. 

— well, 214. 

Water-vapour, 279. 

— an oxidiser, 290. 

— association, 301. 

— critical constant, 279. 

— dissociation, 287-289. 

— in atmosphere, 172, 173. 

— latent heat, 280. 


Water-vapour, molecular heat, 281. 

— viscosity, 279. 

Well water, 214. 

— artesian, 214. 

— boiling, 215. 

Wood, residual atmosphere, 103. 

Wood charcoal, residual atmosphere, 103. 


Xenon, in air, 158, 159, 179. 
— solubility, 308. 


Zeolites, 243. 
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